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The	 term	 high‐energy	 dense	 material	 (HEDM)	 is	 coined	 by	 the	 explosives	 community	 to	
describe	substances	which	can	attain	a	high	energetic	state.[1]	In	general,	HEMs	are	defined	
as	compounds	or	mixtures	which	contain	both	oxidizer	and	 fuel	 in	a	metastable	state	and	
deliver	 their	 energy	 by	 chemical	 reactions	 under	 release	 of	 large	 amounts	 of	 gaseous	
products.[1,2]	
The	 first	 known	 energetic	 material,	 blackpowder,	 was	 accidentally	 discovered	 by	 the	
Chinese	around	200	BC.	Blackpowder	consists	of	a	mixture	of	charcoal,	sulfur	and	potassium	
nitrate	 and	 was	 used	 as	 explosive,	 propellant	 and	 in	 pyrotechnical	 mixtures	 in	 China.	
However,	 it	 took	 until	 the	 13th	 to	 14th	 century	 until	 blackpowder	 was	 finally	 used	 for	
military	 purposes	 in	 Europe.[1,2]	 A	 huge	 progress	 in	 the	 history	 of	 explosives	 was	 the	
synthesis	of	nitroglycerine	(NG)	by	Ascanio	Sobrero	(1846)	and	its	commercial	production	




to	 their	 use:	 explosives,	 propellants,	 and	 pyrotechnics.	 Explosives	 are	 further	 subdivided	
into	 primary	 and	 secondary	 explosives	 (Scheme	 I1.1).	 Primary	 explosives	 are	 defined	 as	









impact,	 friction	and	heat	albeit	 their	sensitivities	should	be	within	a	useful	 limit	 to	ensure	
safe	 handling	 and	 transportation.[3]	 Until	 now	 the	 most	 prominent	 representatives	 of	
primary	 explosives	 are	 still	mercury	 fulminate	 (Hg(CNO)2),	 lead	 azide	 (Pb(N3)2)	 and	 lead	
styphnate	 (Pb(C6HN3O8))	 although	 activities	 are	 driven	 to	 develop	 heavy‐metal	 free	
replacements.[4]	
In	contrast	to	primary	explosives,	secondary	explosives	are	less	sensitive	to	mechanical	
stimuli	 and	 heat	 and	 therefore	 have	 to	 be	 ignited	 by	 the	 detonation	 impact	 of	 a	 primary	
explosive.	Secondary	explosives	are	also	known	as	'high	explosives'	since	performance	data	
like	 detonation	 velocity,	 detonation	 pressure	 and	 heat	 of	 explosion	 are	 significantly	
increased	compared	to	primary	explosives.	According	to	their	application	they	are	grouped	
in	military	and	civil	used	secondary	explosives.	In	the	19th	century	and	during	World	War	I	
and	 II	mainly	 the	 high	 explosives	 2,4,6‐trinitrotoluene	 (TNT),	 pentaerythritol	 tetranitrate	
(PETN)	and	hexogene	(RDX)	were	utilized	(Figure	 I1.1).[2]	RDX	was	developed	 in	1898	by	





huge	 blasting	 power	 are	 needed.	 Nitroglycerin	 (NG)	 (Figure	 I1.2)	 and	 hexanitrostilben	
	
	











howling,	 whistling	 and	 banging.[6]	 The	 effects	 are	 triggered	 by	 non‐detonative	 self‐
sustaining	exothermic	reactions.	The	application	of	pyrotechnical	compositions	range	from	
pyrotechnic	mixtures	in	blasting	caps	or	detonators,	smoke	munitions	for	military	purposes,	




Figure	 I1.2	 Molecular	 structures	 of	 nitroglycerin	 (NG),	 nitrocellulose	 (NC),	 and	
nitroguanidine	(NQ).	
Propellants	 form	 the	 last	 group	 in	 the	 classification	 of	 HEMs.	 Characteristic	 for	
propellants	 is	 their	 controlled	 and	 smooth	 combustion	 behavior.	 Unlike	 explosives	
propellants	 do	 not	 detonate.	 During	 combustion	 large	 amounts	 of	 hot	 gases	 are	 formed	
which	in	turn	are	used	to	accelerate	projectiles,	missiles	or	rockets.	According	to	their	use	
propellants	 are	 distinguished	 into	 gun	 and	 rocket	 propellants.	 The	 main	 differences	
between	 these	 two	 propellants	 are	 the	 increased	 burning	 rates	 and	 therefore	 higher	
pressures	generated	in	the	combustion	chamber	or	gun	barrel	of	gun	propellants.	While	gun	
propellants	 generate	 pressures	 up	 to	 4000	bar	 in	 the	 combustion	 chamber	 rocket	
propellants	 only	 reach	 pressures	 of	 70	bar.[2]	 Gun	 propellants	 are	 further	 divided	 into	
single‐,	double‐	and	triple‐base	propellants.	Single‐base	propellants	mainly	are	comprised	of	
nitrocellulose	 (NC)	and	are	used	 in	weapons	 from	pistols	 to	 artillery	weapons.	 In	double‐
base	powders	NG	and	NC	are	contained	in	a	1:1	mixture	while	in	triple‐base	propellants	NG,	
NC	and	nitroguanidine	 (NQ)	are	 the	major	 ingredients	 (Figure	 I1.2).	Allthough	 triple‐base	
powders	show	a	decreased	performance	compared	to	single	and	double‐base	powders	they	









that	 time.	 Therefore,	 an	 alternative	 for	 liquid	 hydrogen	 had	 to	 be	 found	 like	 gasoline	 or	
methane.	 After	 some	 years	 of	 experimental	 work	 also	 liquid	 oxygen	 was	 substituted	 by	
dinitrogen	tetroxide	(N2O4)	and	red	fuming	nitric	acid	(RFNA).[8]	
Today’s	 propellants	 are	 divided	 in	 solid	 and	 liquid	 propellants	 (Scheme	 I2.1).	 Liquid	
propellants	 are	 further	 classified	 in	monopropellants	 and	 bipropellants.	Monopropellants	
are	mostly	liquids	consisting	of	only	one	compound	including	both	fuel	(reducing	agent)	and	
oxidizer.[9]	 When	 contacted	 with	 a	 catalyst	 (e.g.	 shell‐405,	 Ir/Al2O3)[10]	 they	 react	
spontaneously.	Hot	gasses	are	generated	which	are	used	 in	 turn	 for	propulsion.	However,	
since	the	specific	impulses	of	monopropellants	are	rather	low	they	are	mainly	used	in	small	
missiles	 and	 small	 satellites.[2]	 The	 most	 commonly	 used	 monopropellant	 nowadays	 is	
hydrazine	 (N2H4)[11]	 although	 there	 are	 many	 disadvantages	 like	 high	 toxicity	 and	
carcinogenicity	 which	 in	 combination	 with	 its	 high	 vapor	 pressure,	 make	 handling	 and	
storage	 of	 hydrazine	 very	 expensive.[12]	 Hydrazine	 and	 its	 derivatives	 like	
monomethylhydrazine	 and	 unsymmetrical	 dimethylhydrazine	 are	 also	 used	 as	 reducing	
agents	in	bipropellants.	A	bipropellant	consists	of	two	separately	stored	liquids,	a	fuel	and	
an	oxidizer,	which	react	hypergolic	when	contacted	with	each	other.	Although	these	systems	
are	 very	 complex	 their	 advantages	 are	 their	 ability	 to	 restart	 as	 well	 as	 their	 good	
controllability	and	high	thrusts.[2]	
Solid	 propellants	 can	 further	 be	 grouped	 in	 double‐based	 solid	 propellants	

















For	 composite	 propellants	 almost	 exclusively	 ammonium	 perchlorate	 (AP)	 is	 used	 as	









Figure	 I2.3	 Accidental	 explosion	of	AP	at	 PEPCON	plant,	Henderson,	Nevada	 in	 1988	
(left).	Exhausted	hydrochloric	acid	at	the	launch	of	a	Scout	launch	vehicle	(right).[15]	
composite	 propellants	 a	 binder,	 mainly	 hydroxy‐terminated	 polybutadiene	 (HTPB),	 is	
added.	The	use	of	AP	as	oxidizer	offers	several	advantages.	AP	has	a	high	oxygen	balance	of	
+34%,	 it	 is	 completely	 convertible	 to	 gaseous	 products	 and	 stable	 against	 mechanical	
stimuli.	 Furthermore,	 the	 synthesis	 of	 AP	 is	 convenient	 by	 simply	 reacting	 ammonia	 and	




repositories	 seeps	 into	 ground‐water	 and	 contaminates,	 due	 to	 its	 high	 solubility	 and	
chemical	stability,	the	surface	and	ground‐water	systems	as	shown	in	Figure	I2.2	for	the	US.	
Furthermore,	 mishandling	 of	 AP	 leads	 to	 explosions	 like	 those	 in	 Henderson,	 Nevada,	 in	
1988	 where	 more	 than	 4.000	t	 AP	 spontaneously	 decomposed	 (Figure	 I2.3,	 left).[17]	
Additionally	to	the	ground‐based	impacts	there	are	also	atmospheric	impacts	which	have	to	
be	 considered.	 Large	 amounts	 of	 toxic	 hydrogen	 chloride	 gases	 are	 generated	 during	 the	
combustion	 of	 AP	which	 are	 ejected	 to	 the	 atmosphere	 and	 provoke	 climate	 change	 and	
ozone	 destruction.	 The	 exhausted	 hydrogen	 chloride	 gases	 also	 leads	 to	 a	 tactical	
disadvantage	 since	 in	 the	 presence	 of	 water	 hydrochloric	 acid	 is	 formed	 which	 is	 easily	
visible	 in	 the	 atmosphere	 and	 reveals	 the	 launch	 position	 of	 the	 missile	 (Figure	 I2.3,	
right).[2,18]	
The	 toxicological	 effect	of	AP	on	 the	 growth	and	development	of	 vertebrates	has	 to	be	
also	considered.	Since	the	diameter	of	the	perchlorate	ion	is	similar	to	the	diameter	of	the	
iodide	 ion	 it	acts	as	competitive	 inhibitor	of	 the	 thyroid	gland.	As	depicted	 in	Scheme	I2.2	










temperature	 decomposition	 takes	 place	 at	 temperatures	 above	 300	°C.[20]	Moreover,	 slow	





risks	 associated	 with	 transport,	 storage	 and	 cleanup	 of	 accidentally	 released	 AP.[21]	























At	 higher	 temperatures	 CO	 is	 formed	 instead	 of	 CO2	 according	 to	 the	 Boudouard	
equilibrium.	 The	 oxygen	 balance	 Ω	 assuming	 the	 formation	 of	 CO	 is	 calculated	 with	 the	
equation	








	 ܫ௦ ൌ ට ଶ	௬	 ೎்ሺ௬ିଵሻெ	 (3)	
whereby	 y	 is	 the	 ratio	 of	 the	 specific	 heat	 capacities,	 R	 is	 the	 gas	 constant,	 Tc	 is	 the	
temperature	in	the	combustion	chamber	and	M	is	the	average	molecular	mass	of	the	formed	
combustion	 gases.[2]	 Typical	 specific	 impulses	 for	 solid	 rocket	 compositions	 are	 around	




is	 also	 important	 to	 know	 that	 an	 increase	 of	 the	 specific	 impulse	 of	 20	s	 would	
approximately	double	the	maximum	payload.[2]	
At	 the	 moment	 the	 currently	 most	 promising	 replacements	 are	 phase	 stabilized	
ammonium	nitrate	 (AN)	and	ammonium	dinitramide	 (ADN)	 (Figure	 I3.1).	Unlike	AP,	both	
compounds	 are	 halogen‐free	 and	 therefore	 produce	 completely	 eco‐friendly	 smokeless	
combustion	 products.	 However,	 their	 use	 as	 propellants	 in	 solid	 rocket	 compositions	 is	







Figure	 I3.1	 Molecular	 structures	 of	 ammonium	 dinitramide	 (ADN),	 hydrazinium	
nitroformate	(HNF)	and	triaminoguanidinium	nitroformate	(TAGNF).	
The	 nitroform	 salts	 hydrazinium	 nitroformate	 (HNF)	 and	 triaminoguanidinium	
nitroformate	(TAGNF),	as	depicted	in	Figure	I3.1,	also	appear	to	be	promising	replacements	
for	AP	and	therefore	are	examined	thoroughly.	Especially	HNF	show	suitable	properties	as	
propellant	 oxidizer	 with	 an	 increased	 performance	 compared	 to	 commonly	 used	
propellants.[24]	 But	 similar	 as	 before,	 the	 application	 of	 HNF	 an	 TAGNF	 is	 also	 limited	 by	







compounds	as	oxidizer	 in	composite	propellants	 in	order	 to	 replace	 the	common	oxidizer	
ammonium	perchlorate	(see	Chapter	1.2).	With	regard	to	their	possible	future	application	as	
high‐energy	dense	oxidizers	(HEDOs)	they	have	to	achieve	several	requirements	concerning	
their	 chemical,	 physical	 and	 energetic	 properties.	 To	 reduce	 their	 environmental	 impact	
mainly	neutral,	less	water‐soluble	molecules	are	investigated	instead	of	salts.	
Suitable	 precursors	 and	 building	 blocks	 were	 used	 to	 create	 molecules	 with	 a	 high	
oxygen	content.	A	general	 concept	of	 this	work	 is	 the	 insertion	of	moieties	containing	 the	
trinitromethyl	 C(NO2)3	 or	 fluorodinitromethyl	 CF(NO2)2	 functionalities	 to	 various	














500	 different	 proteinogenic	 and	 non‐proteinogenic	 amino	 acids	 are	 known	 each	 having	 a	
particular	 role	 in	biosynthesis	or	 in	processes	 such	as	neurotransmitter	 transport.	Due	 to	
their	 nonhazardous	 character,	 numerous	 functionalities	 and	 convenient	 acquisition	
different	α‐	and	β‐amino	acids	(Figure	I4.2)	are	examined	as	possible	starting	materials	for	
the	synthesis	of	oxygen‐rich	compounds.	
Since	 intra‐	 and	 intermolecular	 interactions	 especially	 between	 the	 polynitro	moieties	
influence	the	chemical	and	energetic	properties	of	the	molecules	these	are	investigated	and	
discussed.	 Additionally,	 their	 physical	 properties	 concerning	 their	 thermal	 stabilities	 and	
sensitivities	towards	external	stimuli	are	examined	and	for	future	application	as	HEDO	their	
energetic	properties	are	determined.	
An	 important	 topic	of	 this	work	 is	 also	 the	 toxicity	determination	of	 several	 known	 as	
well	 as	 new	 energetic	 materials	 including	 primary	 and	 secondary	 explosives	 as	 well	 as	
oxygen‐rich	compounds	by	using	the	luminescent	bacteria	 inhibition	test.	Since	commonly	
used	explosives	have	shown	to	be	toxic	for	human,	animal	or	other	organisms	researchers	
all	 over	 the	 world	 try	 to	 find	 alternatives	 to	 replace	 them.	 The	 luminescent	 bacteria	
inhibition	 test	 offers	 a	 convenient	 possibility	 to	 compare	 the	 toxicity	 of	 known	 and	 new	
energetic	 materials	 and	 preliminary	 estimate	 their	 influence	 on	 environment.	 As	 model	
organism	 the	 marine	 bacteria	 Vibrio	 fischeri	 are	 used	 which	 exhibit	 a	 natural	
bioluminescence.	 During	 the	 toxicity	 tests	 of	 energetic	 materials	 the	 decrease	 of	
luminescence	is	measured	and	compared	to	a	nontoxic	control.	The	effective	concentration	
is	determined	at	which	the	luminescence	is	reduced	by	half	(EC50).	
The	main	 part	 of	 this	 thesis	 is	 the	 III RESULTS  AND DISCUSSION	 section	which	 consists	 of	
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A	 modified	 synthesis	 for	 carbonyl	 diisocyanate,	 CO(NCO)2,	 starting	 from	
trichloroisocyanuric	 acid	 and	 diphosgene	 is	 described.	 In	 addition	 to	 the	 previously	
reported	 13C	 NMR	 resonances,	 the	 15N	 NMR	 shift	 is	 determined	 for	 the	 first	 time.	 The	
structure	 in	 the	 solid	 state	 was	 determined	 by	 X‐ray	 diffraction	 (XRD)	 on	 in	 situ	 grown	
crystals,	that	in	the	gas	phase	was	experimentally	determined	by	electron	diffraction	(GED)	
and	for	single	molecules	theoretically	by	quantumchemical	calculations.	The	structures	are	






of	 life,	 is	 still	 an	 active	 topic	 of	 research.[1,2]	 While	 the	 free	 acid	 is	 rather	 unstable,	 very	
reactive	 halides	 and	 pseudohalides	 exist,	 such	 as	 the	 carbonyl	 dihalides	 including	 the	
prominent	 phosgene	 COCl2,	 and	 the	 dipseudohalides	 carbonyl	 diisocyanate	 CO(NCO)2,	
diisothiocyanate	 CO(NCS)2,	 and	 the	 diazide	 CO(N3)2.	 All	 of	 these	 materials	 have	 one	
dominating	feature	in	common:	their	extreme	toxicity	and/or	hazardousness.	Nevertheless,	
the	 first	 two	 dipseudohalides	 represent	 excellent	 starting	 materials	 for	 further	 synthetic	
chemistry.[3−6]	 Structural	 studies	have	been	performed	 for	most	of	 the	carbonyl	halides	as	
well	 as	 for	 the	 explosive	 diazide.[7,8]	 In	 this	 contribution,	 the	 structure	 of	 carbonyl	
diisocyanate	 CO(NCO)2	 is	 presented	 in	 both	 solid	 and	 gas	 phase.	 In	 addition,	 a	 further	
alternate	 procedure	 of	 synthesis	 is	 described.	 Carbonyl	 diisocyanate	 (1)	 was	 first	
synthesized	 in	 1966	 by	 thermolysis	 of	 trichloroisocyanuric	 acid,	 (ClNCO)3.[9]	 As	 a	 side	




high	 temperatures	 above	 400	°C	 and	 are	 accompanied	 by	 the	 formation	 of	 the	 mixed	
halogenocarbonyl	isocyanate.	A	more	convenient	method	for	the	synthesis	of	1	was	found	in	




polarized	 chlorine	 atom	 of	 trichloroisocyanuric	 acid	 reacts	 with	 the	 negatively	 polarized	
chlorine	atom	of	phosgene	under	elimination	of	chlorine.	As	an	intermediate	chlorocarbonyl	
isocyanate	 is	 formed,	 which	 immediately	 reacts	 with	 further	 trichloroisocyanuric	 acid	 to	
form	 1.[13,14]	 Isocyanate	 1	 has	 been	 obtained	 as	 a	 colorless,	 moisture	 sensitive	 liquid.	 It	






Both	 reagents,	 phosgene	 and	 diphosgene,	 furnish	 1	 in	 good	 yields.	 The	 treatment	 of	
trichloroisocyanuric	acid	with	diphosgene	produces	small	amounts	of	phosgene	and	carbon	
tetrachloride,	 which	 are	 formed	 due	 to	 thermal	 decomposition	 of	 excess	 diphosgene.	 All	
materials	 can	 be	 identified	 by	 13C	 NMR	 spectroscopy.	 The	 good	 solubility	 of	 1	 in	 CDCl3	










(purity	 5.0	 Air	 Liquide)	 using	 flamedried	 glass	 vessels	 and	 Schlenk	 techniques.[20]	 NMR	
spectra	 were	 recorded	 with	 a	 JEOL	 Eclipse	 400	 instrument	 at	 25	°C,	 and	 chemical	 shifts	






(a)	 Carbonyl	 diisocyanate	 (1)	 was	 prepared	 according	 to	 ref	 14;	 excess	 amounts	 of	
phosgene	were	 removed	by	 recondensation	 at	 −20	°C	 (16	mbar)	 and	1	was	obtained	 as	 a	
pure	colorless	liquid	(55%).	
(b)	 In	 a	 flask	 connected	 to	 a	 distillation	 apparatus	 a	mixture	 of	 trichloroisocyanuric	 acid	
(11.6	g,	 49.9	mmol)	 and	 the	 highboiling	 solvent	 1‐chloro‐2‐nitrobenzene	 (37.0	g)	 was	
heated	 to	 170	 °C.	 Diphosgene	 (8.2	g,	 41	mmol)	 was	 added	 dropwise	 under	 permanent	
stirring	for	1	h.	The	crude	product	distilled	off	and	was	collected	in	a	receiver	cooled	to	0	°C.	
Carbonyl	diisocyanate	(1)	was	obtained	after	repeated	distillation	at	ambient	pressure	(bp	





A	 potential	 energy	 surface	 scan	 was	 performed	 on	 the	 MP2	 level	 of	 theory	 with	 the	
Dunning‐type	 basis	 set	 by	 rotating	 both	 isocyanate	 groups	 individually	 around	 the	 C‒N	
bond.	 The	 resulting	 three	 extrema	were	 optimized	 at	 different	 levels	 of	 theory	 using	 the	









The	 electron	 diffraction	 patterns	were	measured	 on	 the	 Fuji	 BAS‐IP	MP	 2025	 imaging	
plates,	 which	 were	 scanned	 by	 using	 a	 calibrated	 Fuji	 BAS.1800II	 scanner.	 The	 intensity	
curves	 (Appendix	 A1)	were	 obtained	 by	 applying	 the	method	 described	 earlier.[25]	 Sector	






















The	 structural	 analysis	was	 performed	 using	 the	UNEX	 program.[27]	 All	 refinements	were	
performed	 using	 two	 intensity	 curves	 simultaneously	 (Appendix	 A1),	 one	 from	 the	 short	
and	another	 from	the	 long	nozzle‐to‐detector	distance,	which	were	obtained	by	averaging	
independent	 intensity	 curves	 measured	 in	 one	 experiment.	 For	 the	 definition	 of	
independent	geometrical	parameters	and	 their	groups	 in	 the	 least‐squares	refinement	see	
Table	 1.6.	 The	 syn−syn	 conformer	was	 assumed	 to	 be	 of	 C2v	 symmetry	while	 the	 syn−anti	
conformer	 was	 modeled	 to	 be	 of	 Cs	 symmetry.	 The	 differences	 between	 values	 of	
parameters	 were	 kept	 fixed	 at	 the	 values	 taken	 from	 the	 MP2/cc‐pVTZ	 calculations.	 To	
calculate	 start	 values	 for	 amplitudes	 of	 vibrations	 and	 curvilinear	 corrections	 used	 in	 the	





A	 suitable	 crystal	 of	 carbonyl	 diisocyanate	 was	 grown	 from	 the	 neat	 melt	 by	 in	 situ	































was	 first	 established	 at	 216.0(1)	K	 close	 to	 the	melting	point.	 Then	 all	 solid	 except	 a	 tiny	
crystal	seed	was	molten	(by	using	a	copper	wire	as	external	heating	source	and	microscopic	
observation)	 followed	 by	 very	 slowly	 lowering	 the	 temperature,	 until	 the	whole	 capillary	
was	 filled	with	 a	 single	 crystalline	 specimen.	 Subsequently	 it	was	 slowly	 chilled	 to	 100	K	
within	 3	h.	 The	 single	 crystal	 of	 carbonyl	 diisocyanate	 (1)	 was	 measured	 on	 an	 Agilent	
SuperNova	 diffractometer	 using	 Mo	 Kα	 radiation	 (λ	 =	 0.71073	Å)	 at	 100.0(1)	K.	 Using	
Olex2,[32]	 the	 structure	was	 solved	with	 the	 Superflip[33]	 structure	 solution	program	using	




refinements.	 All	 atoms	 were	 refined	 anisotropically.	 More	 details	 are	 listed	 in	 Table	 1.2.	
Data	are	listed	in	Table	1.1.	
CCDC	1470284	 contains	 the	 supplementary	 crystallographic	 data	 for	 this	 paper.	 These	




A	 suitable	 crystal	 of	 carbonyl	 diisocyanate	 was	 grown	 from	 the	 neat	 melt	 by	 in	 situ	
crystallization	directly	on	the	X‐ray	diffractometer.	Carbonyl	diisocyanate	crystallizes	in	the	





Figure	 1.1	 Molecular	 structure	 of	 carbonyl	 diisocyanate	 (1)	 in	 the	 solid	 state.	
Displacement	ellipsoids	are	depicted	with	50%	probability.	
The	planar	molecule	 adopts	nearly	 C2v	 symmetry.	Both	 isocyanate	 groups	 are	oriented	
syn	to	the	carbonyl	C=O	bond	regarding	their	C−N	bonds.	Structural	parameters	of	the	solid	
state	 structure	 and	of	 comparable	 other	 solid	 state	 structures	 are	 listed	 in	Table	1.3.	The	
carbonyl	C=O	bond	length	(1.202(1)	Å)	is	identical	to	that	in	the	diazide	(1.200(6)	Å,	XRD)[8]	
within	the	3σ	range	as	well	as	the	Ccarbonyl−N	distances	nearly,	which	are	all	in	the	range	from	











Parameters[a]	 CO(NCO)2	 CO(N3)2	 CO(NH2)2[b]	
r(CO)carbonyl		 1.202(1)	 1.200(6)	 1.257(1)	
r(C1N1)	 1.392(1)	 1.407(8)	 1.338(1)	
r(C1N2)	 1.399(1)	 1.412(7)	 1.338(1)	
r(N1C2)	 1.227(1)	 1.274(7)	 	
r(N2C3)	 1.226(1)	 1.265(7)	 	
r(C2O2)	 1.150(1)	 1.111(7)	 	
r(C3O3)	 1.150(1)	 1.111(7)	 	
∡(N1C1N2)	 109.6(1)	 105.5(5)	 117.0(1)	
∡(C1N1C2)	 125.3(1)	 111.5(4)	 	
∡(C1N2C3)	 122.7(1)	 111.8(4)	 	
∡(N1C2O2)	 172.5(1)	 172.1(5)	 	
∡(N2C3O3)	 173.6(1)	 172.6(6)	 	
Intermolecular	O…C’	contacts	(symmetry	code)	<	3.3	Å	
O1…C2’	(1+x,	y,	z)	 3.006(1)	 3.092	 	
O1…C3’	(1–x,1–y,1–z)	 3.011(1)	 3.092	 	
O3…C3’	(–0.5+x,0.5–y,1.5–z)	 3.138(1)	 3.264	 	
O2…C2’	(0.5+x,0.5–y,0.5–z)	 3.288(1)	 3.484	 	
[a]	Distances	r	in	Å,	angles	∡	in	deg.	[b]	X‐ray	diffraction	at	150	K.	
Intermolecular	pattern:	 In	 the	crystal	 the	molecules	of	carbonyl	diisocyanate	show	two	
intermolecular	 O···C	 distances	 considerably	 shorter	 than	 the	 sum	 of	 their	 van	 der	Waals	




created	by	 a	 center	 of	 inversion	 resulting	 in	 the	 short	O1···C3′	 contact	 of	 3.011(1)	Å.	 The	
relatively	high	melting	temperature	of	216(1)	K	is	probably	due	to	the	high	dipole	moment	
of	1.19	D	(MP2/cc‐pVTZ).	Because	of	 this	dipole	moment	 the	 individual	molecules	pack	 in	







Figure	 1.2	 View	 allong	 the	 b‐axis.
	
Figure	 1.3	 View	 along	 the	 a‐axis	
showing	 layers	perpendicular	 to	 the	 c‐
axis	created	by	antiparallel	chains.	
These	 layers	displayed	 in	Figure	1.4	are	 linked	only	by	weak	 interactions,	 the	 shortest	








A	 series	 of	 quantum‐chemical	 calculations	 was	 carried	 out	 to	 estimate	 the	 gas‐phase	
composition	and	structural	parameters.	At	 first	a	potential	energy	surface	 (PES)	scan	was	
performed	rotating	the	two	isocyanate	groups	individually	around	the	Ccarbonyl−N	bond	at	the	
MP2	 level	 of	 ab	 initio	 theory[37]	with	 the	 correlation	 consistent	 polarized	 valence	 triple	 ζ	
basis	 set.[38]	 On	 this	 potential	 energy	 surface	 three	 distinguishable	 extrema	 were	 found,	
which	were	optimized,	and	the	type	of	the	extrema	was	checked	by	frequency	calculations	
at	several	levels	of	theory.	The	two	planar	conformers	syn−syn	and	anti−syn	are	true	minima	
on	 the	 PES	 but	 the	 anti−anti	 conformer	 was	 proven	 to	 be	 no	 minimum	 showing	 an	
imaginary	 frequency.	 The	 anti/syn	 notation	 describes	 the	 relative	 orientation	 of	 the	
isocyanate	 group	 to	 the	 C=O	 group	 with	 respect	 to	 the	 C−N	 bond.	 Table	 1.4	 shows	 the	
quantum	 chemically	 calculated	 energy	 differences	 and	 the	 resulting	 abundance	 of	 the	
conformers	in	the	gas	phase.	
Table	1.4	Calculated	Relative	Differences	 in	Total	Energy	 (ΔE,	 kcal	mol−1),	Gibbs	Free	Energy	
(ΔG,	kcal	mol−1)	 for	 the	anti−syn	 to	 the	syn−syn	Conformer	and	 the	Relative	Abundance	of	 the	
anti−syn	Conformer	in	the	Gas	Phase	at	298	K.	
Method	 ΔE	 ΔG	 Abundance	anti−syn	
B2PLYP/cc‐pVTZ	 0.94	 0.84	 32.5	
B3LYP/6‐311+G(3d,f)	 1.02	 0.89	 30.5	
B3LYP/cc‐pVTZ	 1.00	 0.89	 31.0	
BP86/6‐311+G(3d,f)	 0.99	 0.84	 32.7	
BP86/cc‐pVTZ	 0.98	 0.83	 33.0	
MP2/cc‐pVTZ	 0.70	 0.61	 41.5	
MPW1PW91/6‐311+G(3d,f)	 0.97	 0.84	 32.6	
MPW1PW91/cc‐pVTZ	 0.97	 0.84	 32.5	
PBE0/cc‐pvtz	 0.96	 0.81	 33.8	
A	clear	picture	is	drawn	from	the	calculated	differences	in	the	Gibbs	free	energy	and	the	
resulting	 gas‐phase	 composition.	 All	 differences	 are	 in	 the	 range	 of	 0.81−0.89	kcal	mol−1	
except	 for	 the	MP2/cc‐pVTZ	calculation	which	underestimates	 the	energetic	preference	of	





Table	 1.5	 Calculated	 Geometrical	 Parameters	 on	 Different	 Levels	 of	 Theory.	 For	 Atom	
Numbering	See	Figure	1.5.	
	 PBE0/cc‐pVTZ	 MP2/cc‐pVTZ	
parameters[a]	 syn−syn	 syn−anti	 anti−anti	 syn−syn	 syn−anti	 anti−anti	
r(CO)carbonyl	 1.210	 1.205	 1.203	 1.205	 1.200	 1.196	
r(C1N1)	 1.403	 1.419	 1.406	 1.398	 1.415	 1.402	
r(C1N2)	 1.403	 1.399	 1.406	 1.398	 1.395	 1.402	
r(N1C2)	 1.226	 1.228	 1.219	 1.228	 1.230	 1.220	
r(N2C3)	 1.226	 1.227	 1.219	 1.228	 1.227	 1.220	
r(C2O2)	 1.169	 1.168	 1.172	 1.165	 1.164	 1.169	
r(C3O3)	 1.169	 1.169	 1.172	 1.165	 1.165	 1.169	
∡(N1C1N2)	 108.9	 112.0	 116.3	 108.7	 111.9	 116.3	
∡(O1C1N1)	 125.5	 125.1	 121.9	 125.6	 125.2	 121.9	
∡(O1C1N2)	 125.5	 122.9	 121.9	 125.6	 122.9	 121.9	
∡(N1C2O2)	 172.6	 172.9	 173.3	 172.4	 172.9	 173.1	
∡(N2C3O3)	 172.6	 172.6	 173.3	 172.4	 172.5	 173.1	
[a]	Distances	r	in	Å,	angles	∡	in	deg.	
	





anti−anti	 conformer.	 This	 effect	 is	 more	 pronounced	 in	 the	 π*	 orbital,	 where	 the	
corresponding	orbital	of	the	syn−syn	conformer	is	occupied	by	0.267	electrons,	whereas	the	
analogous	orbital	in	the	anti−anti	conformer	is	occupied	by	0.227	electrons.	In	the	syn−anti	
conformer	 the	 C1N	 distance	 to	 the	 syn	 isocyanate	 group	 is	 by	 0.02	Å	 longer	 than	 the	
corresponding	distance	to	the	anti	isocyanate	group.	This	structural	feature	is	caused	by	the	
donation	of	electron	density	from	the	lone	pair	n(N2)	of	the	adjacent	isocyanate	group	into	
the	 antibonding	 σ*(C1N1)	 orbital	 in	 the	 syn	 group	 and	 results	 in	 an	 occupancy	 of	 0.105	









20.4%	 for	 each	 structure	 of	 the	 anti−anti	 conformer,	 18.4%	 and	 18.0%	 for	 the	 two	
structures	of	 the	 syn−anti	 conformer,	 and	17.4%	 for	each	of	 the	 structures	of	 the	 syn−syn	
conformer.	Thus,	 this	result	 is	 in	accordance	with	 the	tendency	of	 the	bond	 lengths	 in	 the	
misocyanate	group	among	the	three	different	conformers.	
The	 shortening	 of	 the	 central	 ∡(N1C1N2)	 angle	 from	 the	 anti−anti	 to	 the	 syn−syn	 is	 a	
common	 feature	 with	 the	 F2NC(O)NCO[44]	 (B3LYP/aug‐cc‐pVTZ)	 and	 the	 CO(N3)2[8]	
(B3LYP/6−311+G(3df)).	This	 feature	can	be	explained	by	a	 resonance	structure	occurring	




Gas‐phase	 electron	 diffraction	 (GED)	 was	 used	 to	 determine	 the	 structure	 of	 the	 free	
molecule	of	the	carbonyl	diisocyanate	CO(NCO)2	(1)	experimentally.	The	structural	analysis	
was	performed	using	the	UNEX	program.[27]	All	refinement	steps	were	performed	with	two	
different	 averaged	 intensity	 curves	 (short	 and	 long	 nozzle‐to‐detector	 distance).	 For	 the	
definition	 of	 independent	 structural	 parameters	 and	 their	 groups	 in	 the	 least‐squares	
refinement,	 see	Table	 1.6.	The	differences	of	 the	 values	of	 parameters	 in	 one	 group	were	
kept	fixed	at	the	calculated	values	of	the	MP2/cc‐pVTZ	level.	




were	 refined	 in	 groups	with	 fixed	 differences	 based	 on	 the	MP2/cc‐pVTZ	 calculations	 for	
each	 conformer	 giving	 contributions	 for	 the	 long‐range	 distances	 among	 the	 isocyanate	









parameters[a]	 re,	∡e	 rg	 l	 re,	∡e	 rg	 l	
r(C1O1)	 1.196(1)1	 1.991(3)	 0.01807	 1.191(1)1	 1.194(1)	 0.01777	
r(C1N1)	 1.392(1)2	 1.401(1)	 0.02727	 1.408(1)2	 1.417(1)	 0.02907	
r(C1N2)	 1.392(1)2	 1.401(1)	 0.02727	 1.389(1)2	 1.397(1)	 0.02717	
r(N1C2)	 1.213(1)1	 1.220(1)	 0.04197	 1.212(1)1	 1.259(1)	 0.11217	
r(N2C3)	 1.213(1)1	 1.220(1)	 0.04197	 1.215(1)1	 1.223(1)	 0.04507	
r(C2O2)	 1.150(1)1	 1.191(1)	 0.06897	 1.149(1)1	 1.154(1)	 0.01507	
r(C3O3)	 1.150(1)1	 1.191(1)	 0.06897	 1.150(1)1	 1.155(1)	 0.01507	
∡(N1C1N2)	 106.1(3)3	 	 	 110.3(6)5	 	 	
∡(C1N1C2)	 125.9(6)4	 	 	 126.3(9)6	 	 	
∡(C1N2C3)	 125.9(6)4	 	 	 129.1(9)6	 	 	
∡(N1C2O2)	 171.8(6)4	 	 	 174.2(9)6	 	 	
∡(N2C3O3)	 171.8(6)4	 	 	 173.8(9)6	 	 	






distances	 among	 the	 isocyanate	 groups	 in	 both	 conformers.	 Additionally	 the	 syn−anti	
conformer	the	terms	of	the	Ocarbonyl···Osyn	as	well	as	the	Nsyn···Oanti	and	the	Canti···Osyn	occur	in	
this	region.	
The	 refined	 gas‐phase	 structures	 of	 both	 conformers	 show	 very	 similar	 bond	 lengths	
except	for	the	carbonyl	isocyanate	C−N	bond.	This	bond	length	differs	for	the	syn	isocyanate	
unit	 between	 the	 syn−syn	 conformer	 and	 the	 syn−anti	 conformer	 by	 about	 0.01	Å.	On	 the	
other	hand	the	C−N	bond	length	to	the	isocyanate	moiety	in	the	anti	conformation	is	even	
shorter	than	the	analogous	distance	in	the	syn−syn	conformer.	The	shortening	of	a	C−N	bond	
seems	 to	 be	 caused	 by	 the	 other	 isocyanate	 group	 either	 being	 syn	 or	 anti	 and	 thus	
shortening	or	lengthening	the	bond.	This	effect	is	also	observed	for	ClC(O)NCO[45]	where	the	








Figure	1.6	 Experimental	 (circles	○)	and	model	 (continuous	 line	−)	 radial	distribution	
functions	of	CO(NCO)2	(1).	The	difference	curve	is	shown	below.	Vertical	bars	 indicate	
interatomic	distances	in	the	model	(black,	syn−syn;	orange,	syn−anti).	
than	 in	 the	 gauche−anti	 conformer.	 Another	 difference	 regarding	 the	 geometrical	
parameters	 occurs	 in	 the	 isocyanate	 ∡(N=C=O)	 angle.	 In	 a	 cumulene‐type	 structure,	 one	
would	expect	an	angle	close	to	180°	at	the	central	atom	but	in	the	present	case,	angles	of	6°	
(syn−anti)	and	8°	(syn−syn)	are	observed.	
The	 structural	 parameters	 obtained	 for	 the	 two	 conformers	 of	 CO(NCO)2	 can	 be	
compared	 to	 the	 structural	 parameters	 of	 previously	 examined	 compounds,	 FC(O)NCO,[47]	
ClC(O)NCO,[45]	 CH3C(O)NCO[48]	 and	 F2ClCC(O)NCO.[46]	 A	 detailed	 listing	 of	 selected	




gauche−syn	 contribution.	The	 longest	 carbonyl	C=O	bond	 is	 observed	 for	 ClC(O)NCO	with	
1.209(16)	Å	 for	 the	 syn	 and	 1.201(16)	Å	 for	 the	 anti	 conformer.	 The	 trend	 for	 a	 shorter	
carbonyl	C=O	bond	in	the	anti	conformer	is	also	observed	for	the	case	of	F2ClCC(O)NCO	and	











	 	 X	 r(CO)carb.	 r(C—N)	 r(N═C)	 r(C═O)	 ∡(XCN)	 ∡(NCO)isocya.	 ref	
CO(NCO)2	(syn)	 re	 N	 1.196(1)	 1.392(1)	 1.213(1)	 1.150(1)	 106.1(3)	 171.8(6)	 this	work	
CO(NCO)2	(anti/syn)	 re		 N	 1.191(1)	 1.408(1)	 1.212(1)	 1.149(1)	 110.3(6)	 174.2(9)	 this	work	
FC(O)NCO	(syn)	 ra	 F	 1.192(8)	 1.388(4)	 1.215(9)	 1.154(8)	 107.8(8)	 174.6(25)	 47	
ClC(O)NCO	(syn)	 ra	 Cl	 1.209(16)	 1.391(6)	 1.227(23)	 1.137(16)	 112.5(8)	 173.1(23)	 45	
ClC(O)NCO	(anti)	 ra	 Cl	 1.201(16)	 1.384(6)	 1.218(23)	 1.139(16)	 115.8(8)	 173.4(23)	 45	
CH3C(O)NCO	(syn)	 ra	 C	 1.199(6)	 1.413(7)	 1.119(7)	 1.159(6)	 111.5(4)	 173.0[b]	 48	
F2ClCC(O)NCO	(syn)	 re	 C	 1.195(1)	 1.378(9)	 1.218(1)	 1.157(1)	 112.3(16)	 173.1[b]	 46	




atom	while	 bonds	 to	 electropositive	 substituents	 possess	more	 s	 character.	Hence,	 the	 isocyanate	 groups	 concentrate	more	 p	 character	 of	 the	
central	 carbon	 atom	 than	 the	 cyanide	 groups	 do.	 Consequently	 the	 carbonyl	 bond	 of	 1	 has	 left	 less	 p‐orbital	 contribution	 in	 the	 isocyanate	
compound	and	therefore	 is	shorter.	Another	structural	parameter	confirming	the	more	electron‐withdrawing	character	of	 the	 isocyanate	group	






An	 alternate	 synthesis	 procedure,	 as	 well	 as	 thorough	 structural	 characterization	 in	 the	
solid	and	gas	phase	 is	described	for	 the	diisocyanate	of	carbonic	acid,	CO(NCO)2.	The	new	
synthetic	 protocol	 replaces	 gaseous	 phosgene	 by	 the	 easier‐to‐handle	 liquid	 diphosgene.	
The	 solid	 state	 comprises	 solely	 molecules	 with	 planar	 syn−syn	 conformation.	 This	
conformer	 is	 also	 dominant	 in	 the	 gas	 phase	 (66(3)%),	 but	 additionally	 an	 anti−syn	
conformer	 was	 observed.	 On	 this	 basis	 the	 stereoelectronic	 effects	 of	 the	 conformation	
could	be	investigated	using	the	NBO	analysis.	
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detonation	parameters	 such	as	 the	detonation	pressure,	 velocity,	 energy	and	 temperature	
were	 computed	 using	 the	 EXPLO5	 code.	 Furthermore,	 the	 sensitivity	 towards	 impact,	
friction	 and	 electrical	 discharge	 was	 determined	 using	 the	 German	 Federal	 Institute	 for	
Materials	 Research	 and	 Testing	 (BAM)	 drop	 hammer,	 a	 friction	 tester	 as	well	 as	 a	 small‐
scale	electrical	discharge	device.	
2.2 Introduction 
Ammonium	perchlorate	 (AP)	 is	a	widely	used	oxidizer	 in	solid‐rocket	propellants	 for	civil	





compounds	 were	 found	 to	 be	 useful	 as	 high	 energetic	 materials	 because	 of	 their	 good	
oxygen	content.[1a,2]	
The	performance	of	solid‐rocket	boosters	depends	on	the	specific	impulse	as	one	of	the	
most	 important	parameters.	 It	 is	proportional	 to	 the	reciprocal	of	 the	molecular	weight	of	
the	 decomposition	 products	 M	 and	 the	 temperature	 inside	 the	 combustion	 chamber	 Tc	
during	combustion	of	the	composite.[3]	An	increase	of	the	value	for	the	specific	impulse	(Is)	
by	20	s	leads	empirically	to	a	doubling	of	the	usual	payload.[3a]	Therefore,	the	development	
of	 new	 energetic	 oxidizers	 based	 on	 CHNO	 compounds	 decomposing	 into	 small	 volatile	





On	 the	 basis	 of	 previous	 investigations,	 compounds	 derived	 from	 2‐fluoro‐2,2‐	




withdrawing	 effect	 of	 the	 trinitromethyl	 group.[4]	 As	 a	 result	 the	 basicity	 of	 the	 hydroxyl	
group	is	decreased	and	it	behaves	acidic	(pKa=	6.1).	At	pH	values	above	6,	the	equilibrium	is	
shifted	towards	the	starting	materials	nitroform	and	formaldehyde.[2b,5]	The	amine	2‐fluoro‐
2,2‐dinitroethylamine	 shows	 also	 a	 decreased	 basicity	 due	 to	 the	 electronwithdrawing	
fluorodinitromethyl	functionality	(σ*	=	4.4).[6]	The	σ*	parameter	indicates	the	influence	of	a	
substituent	 during	 a	 reaction	 through	 polar	 (inductive,	 field,	 and	 resonance)	 effects	 of	
organic	 compounds.[4,7]	 The	 most	 common	 way	 for	 synthesizing	 new	 compounds	 using	
2,2,2‐trinitroethanol	as	precursor	is	a	Mannich‐type	reaction	with	amine	moieties.	
A	 detailed	 study	 of	 the	 synthesis	 and	 characterization	 of	 (2‐fluoro‐2,2‐dinitroethyl)‐
2,2,2‐trinitroethylnitramine	and	precursors	is	presented	in	this	work.	The	compounds	were	




The	 amine	 2‐fluoro‐2,2‐dinitroethylamine	 (1)	 was	 synthesized	 from	 2‐fluoro‐2,2‐















2,	 using	a	mixture	of	nitric	 and	sulfuric	acid,	 gave	 the	 corresponding	nitramine	 (2‐fluoro‐
2,2‐dinitroethyl)‐2,2,2‐trinitroethylnitramine	(3)	in	good	yields	(Scheme	2.2).	
2.3.2 Mulitnuclear NMR Spectroscopy 
The	 compounds	 were	 thoroughly	 characterized	 by	 1H,	 13C{1H},	 15N	 and	 19F	 NMR	
spectroscopy.	 The	 1H	 NMR	 spectrum	 of	 compound	 1	 revealed	 the	 resonance	 of	 the	 CH2	
group	as	a	doublet	at	δ	=	3.92	ppm	caused	by	the	coupling	with	the	adjacent	fluorine	atom	
(3JF,H	=	17.6	Hz).	The	amino	resonance	was	observed	broadened	at	δ	=	1.49	ppm.	In	the	13C	
NMR	 the	 resonance	 for	 the	 fluorodinitromethyl	 group	 was	 identified	 as	 a	 doublet	 at	
δ	=	123.0	ppm	with	a	coupling	constant	of	1JC,F	=	287.5	Hz.	The	methylene	carbon	resonance	
occurred	also	as	doublet	at	δ	=	44.5	ppm	(2JC,F	=	19.6	Hz).	The	amino	nitrogen	resonance	of	
2‐fluoro‐2,2‐dinitroethylamine	was	observed	 at	δ	=	−377.2	ppm	 in	 the	 15N	NMR	spectrum.	
Additionally,	the	nitrogen	atoms	of	the	nitro	groups	appeared	at	δ	=	−20.8	ppm	as	a	doublet	




different	 resonances	 for	 the	 two	 methylene	 groups.	 The	 doublet	 at	 δ	=	4.31	ppm	
(3JH,H	=	7.8	Hz),	which	was	caused	by	a	3J	coupling	with	the	adjacent	NH	moiety,	was	assigned	
to	 the	 trinitroethyl	 group	of	2.	 The	 resonance	 of	 the	CH2CFC(NO2)2	moiety	 appeared	 as	 a	
doublet	 of	 doublets	 at	 δ	=	4.10	ppm	 owing	 to	 an	 additional	 3JH,F	 coupling	 with	 coupling	
constants	of	3JH,H	=	7.3	Hz	and	3JH,F	=	16.6	Hz.	The	NH	resonance	was	observed	as	a	quintet	at	
δ	=	2.55	ppm.	 In	 the	 13C	 NMR	 spectrum	 the	 resonance	 of	 the	 trinitromethyl	 carbon	 was	
typically	found	as	a	broadened	resonance	at	δ	=	126.2	ppm.	
The	fluorodinitromethyl	carbon	resonance	was	found	at	δ	=	121.3	ppm	as	doublet	with	a	
1JC,F	 coupling	 constant	 of	 288.3	Hz.	 As	 expected,	 the	 resonances	 of	 the	 CH2	moieties	were	
observed	 as	 a	 singlet	 at	 δ	=	52.5	ppm	 [CH2C(NO2)3],	 and	 as	 a	 doublet	 at	 δ	=	50.8	ppm	
[CH2CF(NO2)2;	 2JC,F	=	19.2	Hz],	 respectively.	 The	 15N	 NMR	 spectrum	 showed	 the	 nitro	
resonances	 of	 two	 different	 polynitromethyl	 moieties	 as	 a	 doublet	 of	 multiplets	 at	







The	 resonances	 of	 the	 two	 methylene	 groups	 in	 the	 1H	 NMR	 spectrum	 of	 3	 were	
identified	 as	 a	 singlet	 at	δ		=	6.14	ppm	 for	 the	 trinitroethyl	moiety	 and	 at	δ	=	5.80	ppm	as	
doublet	with	a	3JH,F	coupling	constant	of	9.5	Hz	for	the	fluorodinitroethyl	group.	Similar	to	2,	
at	 δ	 =	124.2	ppm	 a	 broadened	 singlet	 appears	 in	 the	 13C	 NMR	 spectrum	 for	 the	
trinitromethyl	 carbon	 and	 the	 fluorodinitromethyl	 carbon	 was	 identified	 as	 a	 doublet	 at	
δ	=	118.6	ppm	 (1JC,F	=	294.0	Hz).	 The	 methylene	 carbon	 connected	 to	 the	 trinitromethyl	
moiety	was	found	as	a	singlet	at	δ	=	55.2	ppm,	and	a	doublet	at	δ	=	55.0	ppm	was	assigned	to	
the	second	methylene	group	adjacent	to	the	fluorodinitromethyl	group	with	a	2JC,F	coupling	





2JN,F	=	15.2	Hz	 coupling,	 this	 resonance	 is	 split	 into	 a	doublet	 of	 triplets.	Owing	 to	 the	 3JN,H	
coupling	 of	 2.0	Hz,	 the	 resonance	 of	 the	 C(NO2)3	 moiety	 was	 found	 as	 a	 triplet	 at	
δ	=	−33.7	ppm.	The	nitramine	group	showed	two	resonances,	a	quintet	at	δ	=	−33.4	ppm	for	
the	 nitro	 group	 (3JN,H	=	3.2	Hz,	 coupling	 to	 four	 hydrogen	 atoms	 of	 the	 two	 methylene	
groups),	and	the	amine	nitrogen	resonance	was	identified	as	a	singlet	at	δ	=	−217.2	ppm.	
	








1316–1270	cm−1	 (Table	 2.1).	 The	 two	 different	 polynitro	 moieties	
(trinitromethyl/fluorodinitromethyl	 moiety)	 might	 cause	 the	 observed	 spread	 of	 the	
νas(NO2)	 vibration	 energies.	 For	 compounds	1	and	2	 the	N‒H	 stretching	 vibrations	 of	 the	
amine	moieties	were	observed	in	the	range	of	3428–3361	cm−1.	The	C‒N,	C‒O,	C‒F	and	C‒C	
vibrations	 of	 1–3	 could	 be	 observed	 in	 the	 typical	 ranges	 for	 CHFNO	 compounds,	
respectively.[9]	
Table	2.1	IR	and	Raman	bands	of	carbonyl	and	nitro	groups	for	1–3.	
	 1	 2	 3	
	 IR	 Raman	 IR	 Raman	 IR	 Raman	
ν(NH)	 3428	(w)	
3364	(w)	
3361	(9)	 3368	(w)	 3368	(4)	 	 	

















The	 compounds	 2	 and	 3	 were	 investigated	 by	 low‐temperature	 single‐crystal	 X‐ray	
diffraction.	 The	 crystal	 and	 structure	 refinement	data	 of	 the	 structure	determinations	 are	
given	in	Table	2.2.	Suitable	single	crystals	for	X‐ray	diffraction	measurements	were	obtained	
by	slow	evaporation	of	chloroform.	The	bond	lengths	and	angles	of	compound	2	and	3	are	
comparable	 with	 previously	 discussed	 values	 for	 CHNO‐compounds	 containing	 a	
trinitromethyl	moiety.[3b,10]	Additional	data	on	intermolecular	interactions	of	2–3	are	given	
in	the	Appendix	A2.	












































orientation	 of	 the	 trinitromethyl	 moiety	 with	 C2‒C1‒N‒O	 torsion	 angles	 between	
31.0(3)°and	 51.7(3)°.	 The	 bottom	 molecule	 shows	 a	 comparable	 structure	 of	 the	
trinitromethyl	 moiety	 with	 a	 contrary	 sense	 of	 rotation	 [C6‒C5‒N‒O:	 –55.8(3)°	 to		
–35.5(3)°].	 The	 orientation	 of	 the	 fluorodinitromethyl	moieties	 also	 indicates	 a	 propeller‐
like	 structure.[9c]	 The	 C‒C‒N‒O	 torsion	 angles	 of	 these	 four	 nitro	 groups	 [26.2(3)°/	
–27.5(3)°/–36.7(3)°/65.9(3)°]	are	within	the	typical	range	for	a	propeller	 like	structure	of	




Figure	 2.2	 Molecular	 structure	 of	 amine	 (2‐fluoro‐2,2‐dinitroethyl)‐2,2,2‐
trinitroethylamine	 (2).	 Thermal	 ellipsoids	 are	 shown	 at	 the	 50%	 probability	 level.	
Selected	distances	[Å]	and	angles	[°]:	C1–C2	1.522(3),	C2–N4	1.455(3),	C3–N4	1	459(3),	
C3–C4	1.510(3),	C4–F1	1.325(2),	C1–(NO2)avg.	1.520,	C4–(NO2)avg.	1.537,	C5–C6	1.523(3),	
C6–N10	 1.460(3),	 C7–N10	 1	 454(3),	 C7–C8	 1.506(3),	 C8–F2	 1.328(3),	 C5–(NO2)avg.	
1.518(3),	 C8–(NO2)avg.	 1.536,	 C2–N4–C3	 113.1(2),	 C3–C4–F1	 113.2(2),	 C6–N10–C7	
113.8(2),	 C7–C8–F2	 113.3(2),	 C2–C1–N1–O1	 31.0(3),	 C2–C1–N2–O4	 50.9(2),	 C2–C1–
N3–O6	 51.7(3),	 C3–C4–N5–O7	 26.2(3),	 C3–C4–N6–O9	 –64.9(2),	 C6–C5–N7–O11		
–35.5(3),	C6–C5–N8–O14	–55.8(2),	C6–C5–N9–O15	–36.7(3),	C7–C8–N11–O18	65.9(3),	
C7–C8–N12–O20	–27.5(3).	
(2‐Fluoro‐2,2‐dinitroethyl)‐2,2,2‐trinitroethylnitramine	 (3)	 also	 crystallizes	 in	 the	
orthorhombic	space	group	Pna21	with	 four	 formula	units	 in	 the	unit	cell	 (Figure	2.3).	The	
density	 at	 173	K	 was	 calculated	 with	 1.95	g	cm–1.	 The	 average	 N‒O	 bond	 length	 of	 the	
trinitromethyl	moiety	is	1.209	Å.	The	trinitromethyl	moiety	displays	a	molecular	geometry	
with	 a	 propeller‐type	 orientation	 of	 the	 nitro	 groups	 connected	 to	 C1.[9c]	 The	 twisted	
orientation	is	energetically	favorable	and	leads	to	several	NO‐dipolar	interactions	between	





are	 caused	 by	 the	 fact	 that	 such	 twisting	 of	 the	 nitro	 groups	 reduces	 the	 intramolecular	
electrostatic	 repulsion	 between	 the	 oxygen	 atoms,	while	 at	 the	 same	 time	 optimizing	 the	
attractive	 NO	 interactions	 between	 the	 geminal	 NO2	 groups.[9c]	 The	 average	
fluorodinitromethyl	moiety	C1F1(NO2)2	N‒O	bond	length	[1.214(4)	Å]	is	comparable	to	that	
of	 the	 trinitromethyl	 group.	 The	 C2‒C1‒N‒O	 torsion	 angles		
[–37.6(2)°/38.9(2)°]	are	also	in	the	typical	range	(23–67°)	of	a	propeller‐type	orientation	of	
the	 nitro	 groups	 attached.[9c]	 At	 1.226(3)	Å,	 the	 averaged	 N‒O	 distance	 of	 the	 nitramine	







Figure	 2.3	 Molecular	 structure	 of	 (2‐fluoro‐2,2‐dinitroethyl)‐2,2,2‐
trinitroethylnitramine	 3.	 Thermal	 ellipsoids	 are	 shown	 at	 the	 50%	 probability	 level.	
Selected	 distances	 [Å]	 and	 angles	 [°]:	 C1–C2	 1.534(2),	 C1–F1	 1.324(2),	 C1–(NO2)avg.	
1.544,	C2–N3	1.457(2),	N3–N4	1.383(2),	N3–C3	1.454(2),	C3–C4	1.529(2),	C4–(NO2)avg.	





amine	 1	 decomposes	 violently	 within	 hours	 as	 neat	 compound	 at	 ambient	 temperature.	
Thermal	stabilities	for	1–3	were	investigated	with	various	DSC	measurements	(heating	rate:	





Decomposition	 becomes	 significant	 for	 compound	 2	 at	 121	°C	 and	 162	°C	 for	 3.	 The	
investigated	physical	and	chemical	properties	are	shown	in	Table	2.3.		
The	 sensitivities	 towards	 impact,	 friction	 and	 electrostatic	 discharge	 for	2	 and	3	were	
determined	 experimentally	 according	 to	 standards	 of	 the	 Federal	 Institute	 for	 Materials	
Research	and	Testing	(BAM)[13]	and	the	results	are	displayed	in	Table	2.4.	The	compounds	2	
and	3	showed	comparable	impact	sensitivity	values	with	6	J	for	2	and	5	J	for	3,	respectively.	
The	 friction	 sensitivity	 was	 determined	 with	 360	N	 for	 compound	 2.	 Nitration	 to	 3	
decreased	 the	 stability	 towards	 friction	 to	 144	N.	 Amine	 1	 was	 omitted	 from	 the	
determination	of	the	sensitivities	owing	to	its	instability	as	neat	liquid.	
Table	2.3	Physical	and	chemical	properties	of	1–3.	
	 1	 2	 3	
Formula	 C2H4FN3O4	 C4H5FN6O10	 C4H4FN7O12	
MW	[g	mol–1]	 153.07	 316.12	 361.11	
Tm	[°C][a]	 –11	 37	 82	
Td	[°C][b]	 80	 121	 162	
N	[%][c]	 27.45	 26.59	 27.15	
N	+	O	[%][d]	 69.26	 77.20	 80.32	
ΩCO	[%][e]	 5.2	 20.2	 28.8	
ΩCO2	[%][f]	 –15.7	 0	 11.1	
	[g	cm–3][g]	 1.80	 1.79	 1.85	
–U°f	[kJ	kg–1][h]	 1631.8	 821.7	 575.9	
–H°f	[kJ	mol–1][i]	 264.7	 287.0	 238.8	
[a]	Melting	(Tm)	point	from	DSC	measurement	carried	out	at	a	heating	rate	of	5	°C	min–1.	[b]	Decomposition	(Td)	point	
from	DSC	measurement	 carried	 out	 at	 a	 heating	 rate	 of	 5	°C	min–1.	 [c]	 Nitrogen	 content.	 [d]	 Combined	 nitrogen	 and	
oxygen	 content.	 [e]	Oxygen	 balance	 assuming	 the	 formation	 of	 CO.	 The	 oxygen	 balance	 of	 ammonium	perchlorate	 is	
34.0%	[f]	Oxygen	balance	assuming	the	formation	of	CO2.	[g]	Experimental	density	from	pycnometer	measurement.	[h]	
Calculated	energy	of	formation	at	298	K.	[i]	Calculated	heat	of	formation	at	298	K.	
Predictions	 of	 the	 detonation	 parameters	 using	 the	 EXPLO5	 code[14]	 were	 performed	
based	on	heats	of	formations	calculated	ab	initio	using	the	Gaussian	09	program	package[15]	
at	 the	 CBS‐4M	 level	 of	 theory.	 Energetic	 parameters	 are	 attributed	 to	 the	 density	 of	 the	
corresponding	 compound	at	 ambient	 temperature.	The	 resulting	heats	 of	 detonation	 (Qv),	
detonation	 temperatures	 (T),	 pressures	 (p)	 and	 velocities	 (D)	 for	 1–3	 are	 shown	 in	 the	
Table	 2.4.	The	densities	needed	 for	 the	 estimation	of	 the	detonation	parameters	with	 the	
EXPLO5	 code[14]	 were	 derived	 from	 experimental	 determinations	 via	 pycnometer	





compounds	 might	 be	 useful	 as	 high‐performing	 oxygen	 rich	 energetic	 materials.[16]	 The	
thermal	stability	rises	from	80	°C	(compound	1)	through	121	°C	(compound	2)	to	162	°C	for	
compound	3.	
The	 specific	 impulses	 of	 the	 compounds	1–3	were	 calculated	 for	 compositions	 of	 70%	
oxidizer,	16%	aluminum,	6%	polybutadiene	acrylic	acid,	6%	polybutadiene	acrylonitrile	and	
2%	 bisphenol‐A	 ether	 modeled	 on	 rocket‐motor	 compositions	 for	 solid‐rocket	 boosters	
used	 by	 the	 NASA	 Space	 Shuttle	 program.[17]	 These	 impulses	 were	 compared	 with	 the	
calculated	 impulse	 of	 AP	 in	 an	 analogous	 composition.	 The	 chosen	 mixture	 with	 AP	 as	
oxidizer	provides	a	specific	impulse	of	258	sec.	The	impulses	for	1–3	were	increasing	with	





Table	 2.4	 Predicted	 detonation	 and	 combustion	 parameters	 (using	 the	 EXPLO5	 code)	 and	
sensitivity	data	for	1–3.	
	 1	 2	 3	
–Qv	[kJ	kg–1]	 5136	 5733	 5210	
Tex	[K][a]	 3535	 4310	 4104	
V0	[L	kg–1][b]	 750	 752	 748	
p	[kbar][c]	 315	 368	 354	
D	[m	s–1][d]	 8496	 8719	 8637	
Impact	[J][e]	 n.d.	 6	 5	
Friction	[N][e]	 n.d.	 360	 144	
ESD	[J][f]	 n.d.	 0.1	 0.1	
Grain	size	[µm][g]	 liquid	 <	100	 <	100	
Thermal	shock[h]	 burns	 burns	 burns	
Is	[s][i]	 249	 257	 266	
comp	[%][j]	 –64.94	 –53.96	 –46.21	
[a]	 Temperature	 of	 the	 explosion	 gases.	 [b]	 Volume	 of	 the	 explosion	 gases	 (assuming	 only	 gaseous	 products).	 [c]	
Detonation	 pressure.	 [d]	 Detonation	 velocity.	 [e]	 Impact	 and	 friction	 sensitivities	 according	 to	 standard	 BAM	
methods.[13]	n.d.	=	not	determined.	[f]	Sensitivity	towards	electrostatic	discharge.	n.d.	=	not	determined.	[g]	Grain	size	of	
the	 samples	 used	 for	 sensitivity	 tests.	 [h]	 Response	 to	 fast	 heating	 in	 the	 “flame	 test”.	 [i]	 Specific	 impulse	 for	
compositions	with	70%	oxidizer,	 16%	aluminum,	 6%	polybutadiene	acrylic	 acid,	 6%	polybutadiene	acrylonitrile	 and	












both	 the	 secondary	 amine	2	 and	 the	nitramine	3.	 A	 rather	 high	 crystal	 density	 for	3	was	
found	 with	 1.95	g	cm–3,	 which	 is	 comparable	 with	 hexogen	 (RDX).[1b]	 The	 calculated	
detonation	velocities	of	2	 (8719	m	s–1)	and	3	 (8673	m	s–1)	are	slightly	below	the	 literature	
known	value	for	RDX	(8750	m	s–1).[16]	The	thermal	stability	rises	from	80	°C	(compound	1)	
through	121	°C	(compound	2)	to	162	°C	for	compound	3.	The	sensitivities	of	2–3	with	6	J	for	
2	 and	5	J	 for	3	are	 slightly	 less	 than	 pentaerythritol	 tetranitrate	 (PETN),	which	 is	 a	 basic	
requirement	for	new	compounds	to	be	meant	as	potential	high	energy	dense	oxidizers.[1b,3a]	
Surprisingly,	 compound	2	 turned	out	 to	be	 insensitive	 towards	 friction.	With	 respect	 to	 a	
possible	 application	 as	 high‐energy	 dense	 oxidizer	 in	 solid	 rocket	 boosters,	 the	 specific	
impulses	 (Is)	 of	 1–3	 were	 calculated	 in	 formulations	 with	 fuel,	 oxidizer	 &	 additives.	
Compound	 3	 in	 particular	 turned	 out	 to	 be	 a	 quite	 promising	 oxidizer	 with	 a	 superior	
specific	impulse	of	266	s	relative	to	similar	formulations	with	ammonium	perchlorate	(AP)	
[Is(AP)	=	258	s]	 and	 acceptable	 sensitivities	 as	 a	 neat	 compound.	 Apart	 from	 the	 high	
specific	 impulse	 of	3,	 compound	2	 showed	 a	 comparable	 value	 to	 an	 AP	 composite.	 This	









Raman	 spectra	 were	 recorded	 with	 a	 Bruker	 FT‐Raman	 MultiRAM	 Spectrometer	
equipped	with	a	Klaastech	DENICAFC	LC‐3/40	laser	source	at	300mW	laser	power;	infrared	




with	 a	 Smiths	 DuraSamplIR	 II	 ATR	 device.	 All	 spectra	 were	 recorded	 at	 ambient	
temperature	 as	neat	 samples.	Densities	were	determined	 at	 ambient	 temperature	 using	 a	
Quantachrome	Ultrapyc1200e	gas	pycnometer	equipped	with	helium	(5.6	Air	Liquide).	NMR	
spectra	 were	 recorded	 with	 a	 JEOL	 Eclipse	 400	 instrument	 and	 chemical	 shifts	 were	
determined	 with	 respect	 to	 external	 Me4Si	 (1H,	 399.8	MHz;	 13C,	 100.5	MHz),	 MeNO2	 (15N,	
40.6	 MHz)	 and	 CCl3F	 (376.5	MHz).	 Mass	 spectrometric	 data	 were	 obtained	 with	 a	 JEOL	
MStation	 JMS	700	spectrometer	(DEI+/DCI+).	Analyses	of	C/H/N	were	performed	with	an	
Elementar	 Vario	 EL	 Analyzer.	 Melting	 points	 were	measured	with	 a	 Perkin‐Elmer	 Pyris6	
DSC	 using	 a	 heating	 rate	 of	 5	°C	min–1	 and	 checked	 by	 a	 Büchi	 Melting	 Point	 B‐540	
apparatus;	 they	 are	 not	 corrected.	 The	 sensitivity	 data	 were	 performed	 using	 a	 BAM	
drophammer	and	a	BAM	friction	tester.[13]	
Computational Details 
All	 ab	 initio	 calculations	were	 carried	out	using	 the	Gaussian	09	 (Revision	B.03)	program	
package[15b]	 and	 visualized	 by	 GaussView	 5.08.[15a]	 Structure	 optimizations	 and	 frequency	
analyses	were	performed	with	Becke's	B3	three	parameter	hybrid	functional	using	the	LYP	
correlation	functional	(B3LYP).	For	C,	H,	N	and	O	a	correlation	consistent	polarized	double‐
zeta	 basis	 set	 was	 used	 (cc‐pVDZ).	 The	 structures	 were	 optimized	 without	 symmetry	
constraints	and	the	energy	is	corrected	with	the	zero	point	vibrational	energy.[20]	
The	 enthalpies	 (H°)	 and	 free	 energies	 (G°)	 were	 calculated	 and	 finally	 corrected	 to	 a	
temperature	of	298	K	using	the	complete	basis	set	method	(CBS‐4M)	on	the	basis	of	ab	initio	
optimized	structures	or	X‐ray	diffraction	data	to	obtain	accurate	values.[20a]	The	CBS	models	
use	 the	 known	 asymptotic	 convergence	 of	 a	 pair	 of	 natural	 orbital	 expressions	 to	
extrapolate	 from	 calculations	 using	 a	 finite	 basis	 set	 to	 the	 estimated	 complete	 basis	 set	
limit.	CBS‐4	starts	with	a	HF/3‐21G(d)	structure	optimization,	which	is	the	initial	guess	for	
the	following	self‐consistent	field	(SCF)	calculation	as	a	base	energy	and	a	final	MP2/6‐31+G	
calculation	 with	 a	 CBS	 extrapolation	 to	 correct	 the	 energy	 in	 second	 order.	 The	 used	
reparametrized	 CBS‐4M	 method	 additionally	 implements	 a	 MP4(SDQ)/6‐31+(d,p)	
calculation	 to	 approximate	 higher	 order	 contributions	 and	 also	 includes	 some	 additional	













combustion	 of	 a	 composition	 of	 70%	 oxidizer,	 16%	 aluminum	 as	 fuel,	 6%	 polybutadiene	
acrylic	acid,	6%	polybutadiene	acrylonitrile	as	binder	and	2%	bisphenol‐A	as	epoxy	curing	
agent.[17]	 A	 chamber	 pressure	 of	 70.0	bar	 and	 an	 ambient	 pressure	 of	 1.0	bar	with	 frozen	
expansion	conditions	were	estimated	for	the	calculations.	
X‐ray Crystallography 
For	 all	 compounds,	 an	 Oxford	 Xcalibur3	 diffractometer	 with	 a	 CCD	 area	 detector	 was	
employed	 for	 data	 collection	 using	Mo‐Kα	 radiation	 (λ	 =	 0.71073	Å).	 The	 structures	were	
solved	 by	 direct	 methods	 (SIR97)[24]	 and	 refined	 by	 full‐matrix	 least‐squares	 on	 F2	
(SHELXL).[25]	 All	 non‐hydrogen	 atoms	 were	 refined	 anisotropically.	 The	 hydrogen	 atoms	
were	located	in	a	difference	Fourier	map	and	placed	with	a	C–H	distance	of	0.99	Å	for	CH2	
groups.	ORTEP	plots	are	shown	with	thermal	ellipsoids	at	the	50%	probability	level.		
CCDC‐946430	 (for	 2)	 and	 CCDC‐946431	 (for	 3)	 contains	 the	 supplementary	




energetic	 materials.	 In	 particular,	 2‐fluoro‐2,2‐dinitroethylamine	 (1)	 was	 proven	 to	 be	 a	
dangerous	 unstable	 material,	 when	 handled	 as	 neat	 compound.	 Especially	 with	 this	
compound,	 this	necessitates	additional	meticulous	safety	precautions	(earthed	equipment,	
Kevlar	 gloves,	 Kevlar	 sleeves,	 face	 shield,	 leather	 coat,	 and	 ear	 plugs).	 In	 addition,	 2,2,2‐
trinitroethanol	 and	 2‐fluoro‐2,2‐dinitroethylamine	 show	 significant	 degrees	 of	 toxicity,[26]	





















2,2,2‐Trinitroethanol	 (0.59	g,	 3.2	mmol)	 and	 2‐fluoro‐2,2‐dinitroethylamine	 (0.50	g,	
3.2	mmol)	were	 diluted	 in	 chloroform	 (10	mL)	 under	 argon.	Molecular	 sieves	 (4	Å,	 0.5	g)	
were	 added	 and	 the	 reaction	 mixture	 was	 stirred	 at	 ambient	 temperature	 for	 24	h.	 The	
reaction	 mixture	 was	 filtered,	 and	 the	 volatile	 materials	 were	 removed	 under	 vacuum	
yielding	2	as	slightly	orange	colored	oil.	The	crude	product	was	recrystallized	in	chloroform	
giving	colorless	crystals	of	2	(0.81	g,	78%).	
DSC	 (5	 °C	min−1,	 onset):	 Tm	 =	 37	 °C,	 Tdec	 =	 121	 °C.	 1H	 NMR	 (CDCl3)	 δ	 =	 4.31	 [d,	 2H,	
CH2C(NO2)3,	3JH,H	=	7.8	Hz],	4.10	[dd,	2H,	CH2CF(NO2)2,	3JH,H	=	7.3	Hz,	3JH,F	=	16.6	Hz],	2.55	[qi,	
1H,	 NH]	 ppm.	 13C{1H}	 NMR	 (CDCl3)	 δ	 =	 126.2	 [br.,	 C(NO2)3],	 121.3	 [d,	 CF(NO2)2,	 1JC,F	 =	
288.3	Hz],	52.5	[CH2C(NO2)3],	50.8	[d,	CH2CF(NO2)3,	2JC,F	=	19.2	Hz]	ppm.	15N	NMR	(CDCl3)	δ	=	










(1)	 [M+	 –	 HNO2],	 224	 (1)	 [M+	 –	 2	 NO2],	 193	 (29)	 [NHCH2C(NO2)3]+,	 166	 (29)	
[NHCH2CF(NO2)2]+,	 115	 [C4H4FN2O]+,	 147	 (29)	 [NHCH2C(NO2)2]+,	 85	 [C4H4FN]+,	 46	 (100)	









(96%,	 4	mL)	 and	 nitric	 acid	 (100%,	 2	mL)	 at	 0	°C.	 The	 reaction	 mixture	 was	 stirred	 at	
ambient	 temperature	 for	 4	h	 and	 poured	 onto	 a	 large	 excess	 of	 ice	 (200	g).	 The	 colorless	
precipitate	was	filtered,	washed	with	water	and	dried	in	vacuo	to	obtain	a	colorless	powder	
of	3	 (0.59	g,	76%).	Alternatively,	 crude	2	 (yellow	oil)	 is	sufficient	and	can	be	used	 for	 the	
nitration	without	loss	of	product.		
DSC	 (5	 °C	min−1,	 onset):	 Tm	 =	 85	 °C,	 Tdec	 =	 165	 °C.	 1H	NMR	 ([D6]acetone)	 δ	 =	 6.14	 [s,	 2H,	
CH2C(NO2)3],	 5.80	 [d,	 2H,	 C2CF(NO2)2,	 3JH,F	 =	 9.5	 Hz]	 ppm.	 13C{1H}	 NMR	 ([D6]acetone)	 δ	 =	
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The	 nucleophilic	 Michael	 addition	 of	 nitroform	 with	 acrylamide	 creates	 a	 variety	 of	
energetic	 products.	 Several	 interesting	 compounds	 with	 a	 trinitromethyl	 group	 were	
synthesized,	 among	 them	 salts	 containing	 the	 trinitropropylammonium	 cation,	
[(NO2)3CCH2CH2NH3]X.	 Owing	 to	 their	 positive	 oxygen	 balance,	 the	 suitability	 of	 these	
compounds	as	potential	high‐energy	dense	oxidizers	(HEDOs)	in	energetic	formulations	was	
investigated	and	discussed.	Furthermore,	numerous	important	and	reactive	compounds	for	





calculated	 using	 Gaussian	 09	 and	 energetic	 properties,	 such	 as	 the	 specific	 impulse	 and	
detonation	velocity,	were	predicted	with	the	EXPLO5	(V6.02)	computer	code.	
3.2 Introduction 
The	 trinitromethane	 (nitroform)	 unit	 is	 an	 important	 building	 block	 in	 the	 chemistry	 of	
high‐energy	materials,	especially	in	the	field	of	high‐energy	dense	oxidizers	(HEDOs).[1]	This	
trinitromethane	 unit	 can	 easily	 be	 introduced	 by	 a	 nucleophilic	 addition	 on	 electron	
deficient	 α,β‐unsaturated	 starting	 materials.	 The	 so‐called	 Michael	 addition	 is	 one	 of	 the	
most	 important	 carbon–carbon	 bond	 forming	 reactions	 in	 synthetic	 organic	 chemistry.	
Michael	donors	are	substrates	with	acidic	protons	which	therefore	are	capable	of	 forming	
carbanions.	 This	 includes	 anions	 from	 nitroform,	 fluorodinitromethane,	 primary	
nitroalkanes,	 and	 secondary	 nitroalkanes.[2]	 The	 electron	 deficient	 alkene	 in	 this	
nucleophilic	 addition	 is	 called	 the	 Michael	 acceptor	 and	 includes	 a	 wide	 range	 of	 α,β‐
unsaturated	ketones,	 aldehydes,	 carboxylic	 acids,	 esters,	 amides	and	 cyanides.[3]	One	 such	
example	 is	 reported	 in	 the	 nucleophilic	 addition	 of	 some	 polynitroalkanes	 to	 acrolein	
oxime.[4]	
In	 this	 contribution	 nitroform	 and	 the	 readily	 available	 acrylamide	 are	 used	 to	 build	









reaction	of	acrylamide	with	nitroform	resulted	exclusively	 in	 the	 formation	of	 the	Michael	
addition	product	4,4,4‐trinitrobutanamide	 (1).	A	 similar	 synthesis	of	1	 has	been	 reported	
earlier.[6]	However,	in	the	herein	presented	advanced	synthesis	1	was	obtained	without	the	
use	 of	 further	 chemicals,	 as	 mentioned	 in	 literature	 procedures	 from	 readily	 available	
chemicals	(Scheme	3.1).[6a,7]	A	further	advantage	is	the	faster	conversion	without	heating,	as	
well	 as	 increased	 yields	 from	 63%	 to	 97%.	 Due	 to	 the	 almost	 quantitative	 conversion	 of	
acrylamide,	 pure	 1	 without	 further	 purification	 was	 obtained.	 The	 acid	 4,4,4‐






















kept	 below	 30	°C	 during	 the	 whole	 synthesis	 and	 work‐up	 procedure.	 Due	 to	 its	 high	
sensitivity,	extreme	care	is	required	when	working	with	this	compound.	Heating	the	azide	4	
in	 an	 organic	 inert	 solvent	 causes	 the	 conversion	 to	 1,1,1‐trinitropropan‐3‐isocyanate	 (5)	




ammonium	 cation	 were	 obtained	 by	 controlled	 hydrolysis	 of	 5	 in	 diluted	 mineral	 acid	
(Scheme	 3.2).[11]	 The	 perchlorate,	 dinitramide	 and	 5,5′‐azobistetrazolate	 salts	 6c–e	 were	
synthesized	 by	 metathesis	 of	 the	 chloride	 salt	 6a	 with	 the	 corresponding	 silver	 and	
potassium	salts,	respectively	(Scheme	3.2).	The	salt	 formation	of	6	proceeds	in	high	yields	
around	 90%.	 The	 nitrate	 salt	6b,	 perchlorate	 salt	6c	 and	 dinitramide	 salt	6d	 are	 air	 and	
moisture	stable	and	exhibit	high	positive	oxygen	balances	ΩCO	of	+15.6%	(6b),	+21.7%	(6c),	
and	+20.7%	(6d).	












alcohol	 2,2,2‐trinitroethanol.	 The	 reaction	 was	 performed	 in	 oleum	 (30%	 SO3)	 as	 strong	




the	 1H	 NMR	 spectra	 the	 two	 neighboring	 CH2	 groups	 are	 within	 the	 range	 of	 3.90	 to	
2.52	ppm.	The	methylene	unit	next	to	the	trinitromethyl	moiety	is	mostly	shifted	to	higher	
field	compared	 to	 the	CH2	groups	next	 to	a	nitrogen	or	oxygen	atom.	The	vicinal	 coupling	





part	 are	 very	 variable	 and	 are	 found	 in	 the	 range	 of	 40.5	 to	 27.6	ppm.	 The	 carbon	
resonances	of	the	trinitromethyl	moieties	are	observed	as	a	broadened	signals.	Those	of	the	
trinitropropyl	 unit	 are	 located	 at	 around	 128	ppm	 whereas	 the	 resonances	 of	 the	






All	 compounds	 were	 also	 characterized	 by	 IR	 and	 Raman	 spectroscopy.	 The	 most	
characteristic	 frequencies	 in	 the	 compounds	 are	 the	 carbonyl	 and	 nitro	 groups.	 The	
characteristic	 ν(C=O)	 stretching	 vibration	 is	 located	 in	 a	 large	 range	 from	 1785	 to	
1676	cm−1.	 It	 is	 observed	 that	 the	 carbonyl	 stretching	 bands	 are	 shifted	 to	 higher	 wave	




maxima	is	 the	acid	chloride	3	where	the	ν(C=O)	 is	 located	at	1785	cm−1,	while	 for	the	two	
amides	1	 and	7	 signals	 at	1695	and	1676	cm−1	 are	observed.	For	 the	 trinitromethyl	units	
both	 the	 antisymmetric	 νas(NO2)	 in	 the	 range	 of	 1604–1582	cm−1	 and	 the	 symmetric	
stretching	 vibrations	 νs(NO2)	 at	 1303–1288	cm−1	 are	 observed.	 The	 antisymmetric	








Figure	 3.1	 X‐ray	 molecular	 structure	 of	 4,4,4‐trinitrobutanamide	 (1).	 Selected	 atom	
distances	(Å)	and	angles	(deg.):	C1–C2	1.502(2),	C1–N1	1.540(2),	C1–N2	1.538(2),	C1–
N3	1.521(1),	C2–C3	1.524(2),	C3–C4	1.522(2),	C4–N4	1.332(2),	C4–O7	1.237(1),	N1–O1	
1.211(1),	 N4–H5	 0.89(2),	 N4–H6–0.87(1),	 C2–C1–N2	 114.15(9),	 C2–C1–N1	 112.09(9),	
C2–C1–N3	 110.49(9),	 H6–N4–C4–C3	 −178(1),	 H5–N4–C4–O7	 −177(1),	 N4–C4–C3–C2	
−157.3(1),	C3–C2–C1–N1	−175.87(9).	
The	 amide	 1	 crystallizes	 in	 the	 triclinic	 space	 group	 P−1	 with	 one	 molecule	 as	
asymmetric	unit.	The	density	is	1.835	g	cm−3	and	the	molecular	structure	is	shown	in	Figure	
3.1.	The	 geometry	of	 the	 structure	has	 some	very	 typical	 characteristics	 of	 trinitromethyl	
compounds.[1b,c,8]	 The	 C–N	 bond	 lengths	 in	 the	 trinitromethyl	 moiety	 are	 in	 the	 range	 of	
1.54	Å,	which	is	significantly	longer	than	a	regular	C–N	bond	(1.47	Å)	and	results	from	steric	








H8···O7).[15]	 In	 this	 structure	 another	 characteristic	 structure	 feature,	 the	 propeller‐like	
arrangement	 of	 the	 trinitromethyl	 group	 could	 be	 observed.	 The	 three	 nitro	 groups	 are	
organized	around	the	carbon	in	a	propeller‐like	geometry	to	optimize	the	non‐bonded	N···O	
intramolecular	 attractions	 (N2···O2,	 O5···N1,	 N3···O4).	 This	 results	 in	 an	 intramolecular	
interaction	between	the	partial	positive	charged	nitrogen	and	the	negative	charged	oxygen	
in	the	nitro	group.	These	N···O	attractions	are	found	with	distances	in	the	range	of	2.55	Å,	
which	 are	much	 shorter	 than	 the	 sum	of	 the	 van	 der	Waals	 radii	 of	 nitrogen	 and	 oxygen	
(3.07	Å).[1c,	16]	
 






asymmetric	 unit	 and	 shows	 the	 propeller‐like	 geometry	 of	 the	 trinitromethyl	 group.	 The	
molecular	structure	is	shown	in	Figure	3.3.	The	azide,	the	carbonyl	and	the	carbon	backbone	
inclusively,	 shows	 a	 nearly	 planar	 arrangement	 which	 is	 shown	 by	 the	 torsion	 angle	 of	
1.2(2)°	(N5–N4–C4–O7).	Typical	for	carbonyl	azides	is	the	slight	bending	of	the	azide	moiety	








C4	1.503(2),	 C4–N4	1.409(2),	 C4–O7	1.205(2),	N4–N5	1.273(2),	N5–N6	1.112(2),	 C2–
C1–N3	114.4(1),	C4–N4–N5	111.5(1),	N4–N5–N6	174.2(2),	N6–N5–N4–C4	−176(1),	N5–




C1,	 C2,	 C3	 and	 N4	 atoms	 is	 almost	 perfectly	 staggered.	 The	 extended	 structure	 involves	
secondary	 interactions	 in	 terms	 of	 classical	 intermolecular	 N–H···O	 hydrogen	 bonds	 and	




Figure	 3.4	 X‐ray	 molecular	 structure	 of	 3,3,3‐trinitropropan‐1‐ammonium	 chloride	
(6a).	 Selected	 atom	distances	 (Å)	 and	angles	 (deg.):	 C1–C2	1.507(2),	 C1–N1	1.522(2),	
C2–C3	1.533(2),	C3–N4	1.491(2),	N1–O1	1.217(1),	N4–H6	0.89(2),	N4–H7	0.88(2),	N4–
H8	 0.88(2),	 C2–C1–N3	 114.5(1),	 C3–N4–H7	 111(1),	 C3–N4–H8	 107(1),	 C3–N4–H6	












1.804	g	cm−3.	 The	 asymmetric	 unit	 consists	 of	 one	 anion	 and	 cation	 and	 is	 illustrated	 in	





N5–C4	 1.484(2),	 N6–C6	 1.529(3),	 N7–C6	 1.523(2),	 N8–C6	 1.528(2),	 C4–C5	 1.530(2),	
C5–C6	 1.505(2),	 O13–N9	 1.220(2),	 O14–N9	 1.239(2),	 O15–N11	 1.233(2),	 O16–N11	
1.243(2),	 N9–N10	 1.380(2),	 N10–N11	 1.357(2),	 O13–N9–N10	 124.2(1),	 O14–N9–N10	






crystallizes	 in	 the	 monoclinic	 space	 group	 P–1	 with	 two	 anions	 and	 two	 cations	 as	
asymmetric	unit	and	a	density	of	1.872	g	cm–3.	The	3,3,3‐trinitropropan‐1‐ammonium	cation	
shows	similar	structural	features	as	the	ionic	structures	discussed	before.	The	nitro	groups	
of	 the	dinitramide	moiety	 are	 slightly	 twisted	out	 of	 plane	with	 torsion	 angles	 about	 20°.	







like	 orientation	 of	 the	 nitro	 groups.	 Also	 the	 carbon‐carbon	 bonds	 are	 virtually	 identical	
within	 a	 range	 of	 1.50	 to	 1.52	Å.	 Although	 no	 classical	 hydrogen	 bonds	 are	 found	 in	 the	




Figure	3.7	 X‐ray	molecular	 structure	of	2,2,2‐trinitroethyl‐4,4,4‐trinitrobutanoate	 (8).	
Selected	atom	distances	(Å)	and	angles	(deg.):	C1–C2	1.515(2),	C1–N1	1.528(2),	C2–C3	
1.514(2),	 C3–C4	 1.497(2),	 C4–O7	 1.200(2),	 C4–O8	 1.363(2),	 C5–C6	 1.520(2),	 C5–O8	
1.424(2),	 C6–N4	 1.525(2),	 N1–O1	 1.222(1),	 N4–O9	 1.213(2),	 N2–C1–C2–C3	 161.5(1),	











of	 all	 compounds	 were	 investigated	 by	 performing	 various	 DSC	 measurements	 with	 a	
heating	rate	of	5	°C	min–1.	The	temperatures	at	which	melting	and	decomposition	occurred,	
are	 shown	 in	 Table	 3.1	 together	 with	 other	 physical	 properties.	 A	 remarkably	 high	
decomposition	point	of	178	°C	was	observed	for	compound	6a,	likely	owing	to	its	stability	to	





exception	 of	 the	 azide	 4,	 the	 dinitramide	 salt	 6d,	 and	 the	 5,5’‐azobistetrazolate	 salt	 6e	
showed	moderate	impact	and	friction	sensitivities.[19]	For	the	amide	1	as	well	as	the	nitrate	




initio	 calculations.	 The	 energetic	 parameters	were	 calculated	with	 the	 room	 temperature	
densities,	which	were	measured	experimentally	 by	gas	pycnometer.	The	 resulted	heats	of	
detonation	 Qv,	 detonation	 temperatures	 Tex,	 detonation	 pressures	 p,	 and	 detonation	
velocities	Vdet	for	compounds	1,	2,	4,	and	6–8	are	shown	in	Table	3.2.	The	dinitramide	salt	
6d	has	the	highest	detonation	parameters	with	a	detonation	velocity	Vdet	of	9282	m	s–1	and	a	
detonation	 pressure	 of	 372	kbar.	 Compound	 6d	 is	 therefore	 in	 the	 range	 of	 the	 high	
energetic	military	explosive	RDX	(8838	m	s–1).[20]	
The	 specific	 impulses	 Isp	 of	 compounds	 1,	 2,	 4,	 and	6–8	 were	 calculated	 for	 the	 neat	





without	 binder.	 The	 value	 for	 the	 specific	 impulse	 of	 the	 5,5’‐azobistetrazolate	 salt	 6e	
exceeds	all	others;	for	the	neat	compound	it	is	calculated	to	271	s,	with	an	admixture	of	10%	
aluminum	 as	 fuel	 282	s	 could	 be	 achieved	 (see	 Appendix	 A3).	 For	 the	 nitrate	 and	
dinitramide	 salts	6b	 and	6d	 remarkable	 high	 specific	 impulses	 of	 278	s	 were	 reached	 in	
compositions	containing	85%	oxidizer	and	15%	fuel.	In	composites	containing	oxidizer,	fuel	
and	binder	the	specific	impulses	decrease	slightly.	The	best	specific	impulse	is	obtained	for	






	 1	 2	 4	 6a	 6b	 6c	 6d	 6e	 7	 8	 AP	
formula	 C4H6N4O7	 C4H5N3O8	 C4H4N6O7	 C3H7N4O6Cl	 C3H7N5O9	 C3H7N4O10Cl	 C3H7N7O10	 C8H14N18O12	 C6H6N6O14	 C6H7N7O13	 NH4ClO4	
MW	[g	mol−1]	 222.11	 223.10	 248.11	 230.56	 257.12	 294.56	 301.13	 554.31	 385.16	 386.14	 117.49	
Density	RT	[a]	 1.78	 1.67	 1.71	 1.76	 1.77	 1.97	 1.84	 1.67	 1.83	 1.84	 1.95	
Tm	[°C][b]	 93	 55	 22	 161	 135	 ‐	 ‐	 ‐	 92	 150	 ‐	
Tdec	[°C][c]	 120	 176	 85	 178	 138	 164	 112	 120	 155	 155	 240	
IS	[J][d]	 6	 40	 2	 20	 6	 2.5	 2	 2	 30	 10	 15	
FS	[N][e]	 360	 324	 144	 >360	 120	 16	 30	 54	 240	 240	 >360	
ESD	[J][f]	 0.50	 0.30	 0.10	 0.40	 0.20	 0.08	 0.40	 0.60	 0.10	 0.20	 >1.50	
N	[%][g]	 25.2	 18.8	 33.9	 24.3	 27.2	 19.0	 32.6	 54.6	 21.8	 25.5	 11.9	
O	[%][h]	 50.4	 57.4	 45.1	 41.6	 56.0	 54.3	 53.1	 26.7	 58.0	 54.0	 54.5	
N	+	O	[%][i]	 75.6	 76.2	 79.0	 65.9	 83.2	 73.3	 85.7	 81.3	 79.8	 79.5	 66.4	
ΩCO	[][j]	 0.0	 +10.1	 +6.5	 0.0	 +15.6	 +21.7	 +18.6	 −11.1	 +20.7	 +14.5	 +34.6	
ΩCO2	[][j]	 −28.1	 −17.9	 −19.4	 −2.4	 −3.1	 +5.4	 +2.7	 −33.4	 −4.1	 −10.4	 +34.6	
ΔH°f	[kJ	mol−1][k]	 −326	 −506	 54	 −96	 −169	 −119	 32	 972	 −466	 −330	 −296	
ΔU°f	[kJ	kg−1]	[l]	 −1374	 −2178	 301	 −318	 −554	 −312	 205	 1851	 −1124	 −770	 −2433	







	 1	 2	 4	 6a	 6b	 6c	 6d	 6e	 7	 8	 AP	
formula	 C4H6N4O7	 C4H5N3O8	 C4H4N6O7	 C3H7N4O6Cl	 C3H7N5O9	 C3H7N4O10Cl	 C3H7N7O10	 C8H14N18O12	 C6H6N6O14	 C6H7N7O13	 NH4ClO4	
Qv	[kJ	kg–1][a]	 −4956	 −4786	 −5607	 −5281	 −6697	 −6250	 −6671	 −6212	 −6121	 −5820	 −1422	
Tex	[K][b]	 3383	 3505	 4071	 3793	 4319	 4309	 4382	 4141	 4277	 4009	 1735	
V0	[L	kg–1][c]	 733	 731	 759	 744	 821	 787	 828	 814	 719	 718	 885	
PCJ	[kbar][d]	 292	 246	 291	 282	 335	 390	 372	 299	 324	 335	 158	
Vdet	[m	s–1][e]	 8187	 7624	 8259	 8019	 8913	 9096	 9282	 8541	 8616	 8628	 6368	
Isp	[s][f]	 238	 241	 261	 255	 274	 265	 274	 271	 258	 262	 157	
Isp	[s]	(5%	Al)[g]	 248	 248	 266	 261	 276	 268	 276	 278	 261	 264	 198	
Isp	[s]	(10%	Al)[g]	 256	 253	 269	 267	 277	 270	 277	 282	 262	 266	 224	
Isp	[s]	(15%	Al)[g]	 261	 256	 270	 269	 278	 270	 278	 276	 263	 267	 235	
Isp	[s]	(20%	Al)[g]	 262	 258	 265	 267	 276	 270	 277	 270	 263	 267	 244	
Isp	[s]	(25%	Al)[g]	 251	 256	 252	 265	 275	 269	 276	 258	 262	 264	 247	
Isp	[s]	(5%	Al,	14%	
binder)[h]	 216	 215	 237	 230	 258	 264	 266	 249	 242	 239	 250	
Isp	[s]	(10%	Al,	14%	
binder)	[h]	 232	 229	 248	 243	 264	 269	 272	 256	 251	 248	 257	
Isp	[s]	(15%	Al,	14%	
binder)	[h]	 244	 241	 247	 247	 270	 272	 275	 254	 255	 253	 261	
[a]	Heat	 of	 detonation.	 [b]	Detonation	 temperature.	 [c]	Volume	of	 gaseous	products.	 [d]	Detonation	pressure.	 [e]	Detonation	 velocity	 calculated	by	using	 the	EXPLO5	 (Version	6.02)	 program	















and	 syntheses	 proceed	 in	 high	 yields.	 All	 of	 the	 compounds	 were	 comprehensively	
characterized.	 Several	 salts	 containing	 the	 3,3,3‐trinitropropylammonium	 cation	 were	
investigated	 in	 terms	 of	 their	 energetic	 properties.	 Excellent	 detonation	 parameters	were	
found	 for	 the	3,3,3‐trinitropropylammonium	dinitramide	6d	with	a	detonation	velocity	 of	
9282	m	s−1	and	a	detonation	pressure	of	372	kbar.	These	values	are	significantly	higher	than	
those	 of	 TNT,	 RDX,	 and	 PETN.[21]	 With	 respect	 to	 an	 application	 as	 high‐energy	 dense	
oxidizer	 in	 composite	 solid	 rocket	 propellants,	 the	 best	 value	 was	 obtained	 for	 the	
corresponding	5,5′‐bisazotetrazolate	 salt	6e;	 in	 a	mixture	 comprised	of	 90%	oxidizer	 and	
10%	 fuel	 a	 calculated	 specific	 impulse	 of	 282	 s	was	 reached.	 In	 composites	 consisting	 of	
oxidizer,	 fuel	 and	 binder	 best	 values	 were	 obtained	 for	 the	 nitrate	 salt	 6b	 (270	 s),	 the	
perchlorate	 salt	 6c	 (272	 s)	 and	 the	 dinitramide	 salt	 6d	 (275	 s).	 All	 of	 these	 exceed	 the	
specific	impulse	of	AP	in	a	similar	composition	(261	s).	However,	the	perchlorate	salt	6c,	the	





Chemicals	 were	 were	 used	 as	 supplied	 (Sigma‐Aldrich,	 Fluka,	 Acros	 Organics).	 Raman	
spectra	were	recorded	in	a	glass	tube	with	a	Bruker	MultiRAM	FT‐Raman	spectrometer	with	
Nd:YAG	 laser	 excitation	 up	 to	 1000	mW	 (at	 1064	nm)	 in	 the	 range	 between	 400	 and	
4000	cm−1.	 Infrared	 spectra	 were	 measured	 with	 a	 Perkin–Elmer	 Spectrum	 BX‐FTIR	
spectrometer	equipped	with	a	Smiths	DuraSamplIR	II	ATR	device.	All	spectra	were	recorded	












The	 low‐temperature	 single‐crystal	 X‐ray	 diffraction	 of	 compounds	1,	2,	4,	6a,	6b,	6d,	
and	8	 were	 performed	 on	 an	 Oxford	 XCalibur3	 diffractometer	 equipped	with	 a	 Spellman	
generator	 (voltage	50	kV,	 current	 40	mA)	 and	 a	KappaCCD	detector	 operating	with	MoKα	
radiation	 (λ	 =0.7107	Å).	 Data	 collection	 was	 performed	 using	 the	 CRYSALIS	 CCD	
software.[22]	The	data	reduction	was	carried	out	using	the	CRYSALIS	RED	software.[23]	The	
solution	of	 the	structure	was	performed	by	direct	methods	(SIR97)[24]	and	refined	by	 full‐
matrix	 least‐squares	 on	 F2	 (SHELXL)[25]	 implemented	 in	 the	WINGX	 software	 package	 [26]	
and	 finally	 checked	 with	 the	 PLATON	 software[27].	 All	 non‐hydrogen	 atoms	 were	 refined	
anisotropically.	 The	 hydrogen	 atom	 positions	 were	 located	 in	 a	 difference	 Fourier	 map.	
ORTEP	 plots	 are	 shown	 with	 thermal	 ellipsoids	 at	 the	 50%	 probability	 level.	
Crystallographic	data	(excluding	structure	factors)	for	the	structures	reported	in	this	paper	
have	been	deposited	at	the	Cambridge	Crystallographic	Data	Centre	1506284–1506290	(1,	
2,	 4,	 6a,	 6b,	 6d,	 and	 8).	 Additional	 crystallographic	 data	 and	 structure	 refinement	
parameters	are	listed	in	the	Appendix	A3.	
Computational Details 
All	 ab	 initio	 calculations	 were	 carried	 out	 using	 the	 program	 package	 Gaussian	 09	 (Rev.	
A.03)	[28]	and	visualized	by	GaussView	5.08.	[29].	The	initial	geometries	of	the	structures	were	
taken	 from	 the	 corresponding,	 experimentally	 determined	 crystal	 structures.	 Structure	
optimizations	 and	 frequency	 analyses	 were	 performed	 with	 Becke's	 B3	 three	 parameter	
hybrid	 functional	 using	 the	 LYP	 correlation	 functional	 (B3LYP).	 For	 C,	 H,	 N	 and	 O	 a	
correlation	consistent	polarized	double‐ξ	basis	set	was	used	(cc‐pVDZ).	The	structures	were	
optimized	 with	 symmetry	 constraints	 and	 the	 energy	 is	 corrected	 with	 the	 zero	 point	
vibrational	 energy.[30]	 The	 enthalpies	 (H)	 and	 free	 energies	 (G)	were	 calculated	 using	 the	
complete	basis	set	(CBS)	method	in	order	to	obtain	accurate	values.	The	CBS	models	use	the	
known	 asymptotic	 convergence	 of	 pair	 natural	 orbital	 expressions	 to	 extrapolate	 from	






correct	 the	 energy	 in	 second	 order.	 The	 used	 CBS‐4M	method	 additionally	 implements	 a	
MP4(SDQ)/6‐31+(d,p)	 calculation	 to	 approximate	 higher	 order	 contributions	 and	 also	
includes	some	additional	empirical	 corrections.[31]	The	enthalpies	of	 the	gas‐phase	species	
were	 estimated	 according	 to	 the	 atomization	 energy	 method.[32]	 The	 liquid	 (solid)	 state	
energies	of	 formation	 (ΔHf°)	were	estimated	by	 subtracting	 the	gas‐phase	enthalpies	with	
the	corresponding	enthalpy	of	vaporization	(sublimation)	obtained	by	Trouton’s	rule.[33]	All	
calculations	 affecting	 the	 detonation	 parameters	 were	 carried	 out	 using	 the	 program	
package	EXPLO5	V6.02	(EOS	BKWG‐S).[20]	The	detonation	parameters	were	calculated	at	the	
Chapman–Jouguet	 (CJ)	 point	 with	 the	 aid	 of	 the	 steady‐state	 detonation	 model	 using	 a	
modified	 Becker‐Kistiakowski‐Wilson	 equation	 of	 state	 for	 modeling	 the	 system.	 The	 CJ	
point	 is	 found	 from	 the	 Hugoniot	 curve	 of	 the	 system	 by	 its	 first	 derivative.	 The	 specific	
impulses	 Isp	 were	 also	 calculated	 with	 the	 program	 package	 EXPLO5	 V6.02	 program,	






CAUTION!	 All	 prepared	 compounds	 are	 energetic	 materials	 with	 sensitivity	 toward	 heat,	
impact,	 and	 friction.	 No	 hazards	 occurred	 during	 the	 preparation	 and	 manipulation.	
However,	 additional	 proper	 protective	 precautions	 (face	 shield,	 leather	 coat,	 earthed	




An	 aqueous	 solution	 of	 nitroform	 (30%,	 22.6	g,	 45	mmol)	 was	 cooled	 in	 an	 ice‐bath	 and	
acrylamide	 (3.2	g,	 45	mmol)	 was	 added.	 The	 mixture	 was	 stirred	 10	 minutes	 at	 this	
temperature	and	5	h	 at	 ambient	 temperature.	The	 formed	precipitate	was	 filtered	off	 and	
washed	 several	 times	with	 cold	 ethanol	 and	diethyl	 ether.	 After	 drying	 on	 air	 pure	 4,4,4‐
trinitrobutanamide	(1)	was	obtained	as	colorless	solid	in	97%	yield.	










(66)	 cm−1.	 1H	 NMR	 ([D6]DMSO)	 δ	 =	 7.48	 (s,	 1H,	 NH2),	 7.09	 (s,	 1H,	 NH2),	 3.59	 (m,	 2H,	
CH2C(NO2)3),	 2.52	 (m,	 2H,	 OCCH2)	 ppm.	 13C	 NMR	 ([D6]DMSO)	 δ	 =	 170.7	 (CO),	 131.7	


























A	 mixture	 of	 4,4,4‐trinitrobutanoic	 acid	 (2)	 (6.7	g,	 30.0	mmol)	 and	 thionyl	 chloride	
(16.7	mL,	 200	mol)	was	 stirred	 at	 room	 temperature	 for	 one	hour.	After	 this	 the	 reaction	
mixture	 was	 refluxed	 for	 24	 hours	 under	 exclusion	 of	 moisture.	 The	 excess	 of	 thionyl	






Oxalyl	 chloride	 (326	mg,	 2.6	mmol)	 and	 a	 catalytical	 amount	 of	 DMF	 were	 added	 to	 a	
suspension	of	4,4,4‐trinitrobutanoic	acid	(2)	(500	mg,	2.2	mmol)	in	chloroform	(10	mL).	The	









































brine	 (20	mL).	 The	 extracts	were	 dried	 over	magnesium	 sulfate.	 The	 solution	was	 slowly	
heated	up	to	55	°C	and	kept	at	this	temperature	until	no	more	nitrogen	evolved	(2	h).	The	





















(39),	1300	 (33),	1168	 (19),	1119	 (6),	1065	 (8),	1031	 (9),	999	 (15),	970	 (9),	931	 (8),	 901	
(16),	858	(100),	802	(8),	654	(6),	633	(7),	569	(9),	516	(6),	457	(9),	402	(50),	374	(56),	341	
(29),	302	(7)	cm−1.	1H	NMR	([D6]DMSO)	δ	=	8.63	(br,	3H,	NH3),	3.82	(m,	2H,	CH2),	3.19	(m,	
2H,	 CH2)	 ppm.	 13C	NMR	 ([D6]DMSO)	δ	=	128.8	 (C(NO2)3),	 33.4	 (CH2),	 30.3	 (CH2)	 ppm.	 14N	








1,1,1‐Trinitropropan‐3‐isocyanate	 (5)	 (1.10	 g,	 5.0	mmol)	 was	 refluxed	 in	 nitric	 acid	 (6	M,	


















To	 a	 solution	 of	 3,3,3‐trinitropropan‐1‐ammonium	 chloride	 (6a)	 (196	mg,	 0.9	mmol)	 in	
water	 (10	mL)	was	 added	 at	 0	°C	 under	 exclusion	 of	 light	 a	 solution	 of	 silver	 perchlorate	
monohydrate	(190	mg,	0.9	mmol)	in	water	(10	mL).	The	reaction	mixture	was	stirred	1.5	h	





(m),	1152	 (m),	1067	 (vs),	980	 (m),	941	 (w),	893	 (w),	855	 (w),	798	 (s),	749	 (w),	667	 (w)	
cm−1.	RAMAN	(1000	mW):	ν	=	3258	(7),	3241	(6),	3214	(6),	3189	(5),	3143	(5),	3133	(6),	














To	 a	 solution	 of	 3,3,3‐trinitropropan‐1‐ammonium	 chloride	 (6a)	 (350	mg,	 1.5	mmol)	 in	
water	 (10	mL)	was	 added	 at	 0	°C	under	 exclusion	 of	 light	 a	 solution	 of	 silver	 dinitramide	
(320	mg,	 1.5	mmol)	 in	water	 (10	mL).	 The	 reaction	mixture	was	 stirred	1.5	h	 at	 0	°C.	 The	
precipitated	 silver	 chloride	was	 filtered	 off,	 washed	with	 cold	water	 and	 the	 filtrate	 was	
evaporated	 to	 dryness.	 3,3,3‐Trinitropropan‐1‐ammonium	dinitramide	 (6d)	was	 obtained	
as	colorless	solid	in	96%	yield.	
DSC	(5	°C	min−1):	112	°C	(dec.).	IR:	(ATR):	ν	=	3285	(w),	3047	(w),	2981	(m),	2947	(m),	2662	
(w),	 1989	 (w),	 1588	 (vs),	 1520	 (m),	 1502	 (m),	 1478	 (w),	 1448	 (m),	 1412	 (w),	 1365	 (w),	
1295	(m),	1231	(w),	1183	(s),	1160	(s),	1026	(s),	986	(w),	947	(w),	898	(w),	855	(w),	827	
(w),	798	 (s),	 761	 (m),	755	 (m),	743	 (w),	734	 (w),	722	 (w)	 cm−1.	RAMAN	 (1000	mW):	ν	 =	





3H,	 NH3),	 3.72	 (m,	 2H,	 CH2),	 3.43	 (m,	 2H,	 CH2)	 ppm.	 13C	 NMR	 ([D4]methanol)	 δ	 =	 129.6	
(C(NO2)3),	35.4	 (CH2),	32.3	 (CH2)	ppm.	 15N	NMR	([D4]methanol)	δ	=	−12.6	 (N(NO2)),	–30.2	






was	 added	 to	 a	 solution	 of	 potassium	 5,5'‐azobistetrazolate	 (123	mg,	 0.5	mmol)	 in	water	








(w),	 1369	 (w),	 1312	 (w),	 1297	 (w),	 1185	 (w),	 1174	 (m),	 1148	 (w),	 1080	 (w),	 1051	 (w),	
1042	(w),	1010	(w),	903	(w),	856	(w),	806	(s),	796	(s),	774	(w),	756	(w),	738	(m),	667	(s)	
cm−1.	 RAMAN	 (500	mW):	 ν	 =	 2935	 (2),	 1484	 (48),	 1423	 (4),	 1390	 (100),	 1195	 (2),	 1086	








To	 a	 saturated	 solution	 of	 barium	 hydroxide	 in	 water	 (10	mL)	 was	 added	 acrylamide	
(1.30	g,	18.2	mmol)	and	aqueous	formaldehyde	(37%,	1.50	g,	18.2	mmol)	and	stirred	for	20	
minutes.	 The	 solution	 was	 treated	 with	 solid	 carbon	 dioxide	 (5	g)	 and	 the	 precipitated	
barium	carbonate	was	filtered	off.	To	the	filtrate	was	added	an	aqueous	nitroform	solution	






1217	 (w),	 1155	 (w),	 1115	 (w),	 1092	 (w),	 1050	 (w),	 935	 (w),	 854	 (m),	 803	 (s).	 Raman	
(400	mW):	ν	=	3006	(19),	2957	(39),	1677	(18),	1605	(29),	1421	(24),	1365	(28),	1337	(20),	
1305	 (36),	 1117	 (14),	 1058	 (13),	 936	 (15),	 913	 (13),	 857	 (102),	 545	 (18),	 412	 (46),	 394	
(47),	377	(68),	278	(29)	cm−1.	1H	NMR	(CD3CN)	δ	=	7.21	(s,	1H,	NH),	4.96	(d,	2H,	3J	=	6.8	Hz,	
CH2NH),	3.47	 (m,	2H,	CH2C(NO2)3),	2.70	 (m,	2H,	OCCH2)	ppm.	 13C	NMR	(CD3CN)	δ	=	169.9	
(CO),	131.4	(C(NO2)3),	127.5	(NHCH2C(NO2)3),	42.2	(NHCH2),	28.8	(CH2),	28.6	(CH2)	ppm.	14N	
NMR	(CD3CN)	δ	=	−29	(C(NO2)3),	−32	(NHCH2C(NO2)3)	ppm.	MS	(DCI+)	m/e:	386.2	[(M+H)+].	
Elemental	 analysis	C6H7N7O13	 (385.16):	 calc.	 C	18.71,	H	1.83,	N	25.46%;	 found	C	18.83,	H	









water	 (0.5	mL)	 was	 added	 very	 carefully	 to	 the	 reaction	 mixture	 at	 4	°C	 and	 stirred	 for	
further	12	hours	at	 room	 temperature.	The	 reaction	was	quenched	with	 ice‐water	 (5	mL)	
and	 the	 colorless	 precipitate	 was	 filtered	 off.	 The	 product	 was	 washed	 three	 times	 with	
water	(20	mL)	and	dried	to	obtain	1.20	g	(40%)	of	pure	product.	
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materials,	 the	 3,3,3‐trinitropropyl	 group	 is	 less	 investigated	 regarding	 its	 chemical	 and	
energetic	 properties.	 Thus,	 	 investigations	 on	 the	 syntheses	 of	 several	 compounds	
containing	 the	 3,3,3‐trinitropropyl	 group	were	 performed	 and	 their	 properties	 compared	
with	 the	 2,2,2‐trinitroethyl	 group.	 All	 materials	 were	 thoroughly	 characterized,	 including	
single‐crystal	 X‐ray	 diffraction	 studies.	 The	 thermal	 stabilities	 were	 examined	 using	
differential	 thermal	 analysis	 (DSC)	 and	 the	 sensitivities	 towards	 impact,	 friction,	 and	
electrostatic	discharge	were	tested	using	a	drop	hammer,	a	friction	tester,	and	an	electrical	
discharge	 device.	 The	 energies	 of	 formation	 were	 calculated	 and	 several	 detonation	
parameters	 such	 as	 the	 velocity	 of	 detonation	 and	 the	 propulsion	 performance	 were	
estimated	with	the	program	package	EXPLO5.	
4.2 Introduction 
The	 2,2,2‐trinitroethyl	 group	 is	 a	 central	 building	 block	 in	 the	 synthesis	 of	 energetic	
materials,	especially	in	the	subgroup	of	high‐energy	dense	oxidizers	(HEDOs).	This	unit	can	
readily	be	obtained	by	reacting	trinitromethane	and	formaldehyde	in	a	Henry	reaction	or	by	
a	 Mannich	 condensation	 of	 an	 amine,	 formaldehyde,	 and	 trinitromethane.[1]	 Many	
compounds	 with	 this	 moiety	 have	 been	 synthesized	 and	 characterized	 in	 the	 recent	
years.[2,3]	Unfortunately,	the	trinitroethyl	moiety	is	unstable	towards	bases	and	nucleophiles	
and	decomposes	into	their	precursors.[4]	In	contrast,	the	3,3,3‐trinitropropyl	moiety	shows	a	
higher	 chemical	 stability	 because	 such	 reverse	 Henry	 or	 Mannich	 reactions	 are	 not	
possible.[5]	A	disadvantage	of	 the	3,3,3‐trinitropropyl	 group	 is	 its	 quite	 complex	 synthesis	





to	 further	 components	 such	 as	 binders	 and	 fuel,	 the	 main	 part	 (>70%)	 in	 solid	 rocket	






most	 commonly	used	oxidizer	 in	 composite	propellants.	Unfortunately,	 the	 combustion	of	
AP	 releases	 large	 amounts	 of	 toxic	 gases	 such	 as	 hydrogen	 chloride,	 which	 causes	
environmental	 problems.[9]	 In	 addition,	 use	 of	 AP	 causes	 pollution	 of	 the	 groundwater	 in	






The	 central	 precursor	 for	 this	 work	 (Scheme	 4.1)	 is	 the	 reactive	 isocyanate	 1,1,1‐
trinitropropan‐3‐isocyanate	(1),	which	is	available	from	a	multistep	synthesis,	starting	from	
a	Michael	 addition	 of	 trinitromethane	with	 acrylamide.[12]	 The	 salt	 3,3,3‐trinitropropan‐1‐
amine	hydrochloride	 (2)	was	obtained	by	 controlled	hydrolysis	 of	1	 in	 hydrochloric	 acid.	
The	amine	was	further	converted	into	the	corresponding	alcohol	3,3,3‐trinitropropanol	(3)	
by	a	Sandmeyer‐type	reaction.[13]	 In	 this	 reaction,	a	diazonium	salt	 is	generated	by	 in	situ	
formed	 nitrous	 acid,	 which	 is	 subsequently	 displaced	 by	 a	 nucleophilic	 substitution	 with	
water.	 The	 urea	derivative	4	 is	 obtained	by	 the	 reaction	 of	 two	molecules	 of	1	 by	 partial	
hydrolysis.[6b]	 For	 the	 synthesis	 of	 bis(3,3,3‐trinitropropyl)	 oxalamide	 (5),	 the	 free	 amine	
generated	 from	 the	 hydrochloride	 salt	2	 was	 reacted	with	 oxalyl	 chloride.[14]	 The	 oxalate	






reaction	 times,	 easier	handling	of	 the	 starting	materials,	 and	 trouble‐free	work	up.[16]	The	
carbamate	7	was	obtained	as	a	colorless,	pure	product	 in	higher	yield	compared	with	 the	
previous	route.[15]	The	nitration	of	7	resulted	in	the	3,3,3‐trinitropropyl	nitrocarbamate	(8),	
which	was	performed	 in	 a	mixture	of	 concentrated	 sulfuric	and	nitric	acid.[3c,	 16c]	Mannich	
condensations	 between	 an	 organic	 nitro	 compound,	 an	 aldehyde,	 and	 an	 amine	 are	 very	
useful	 reactions.[17]	 The	 condensation	 of	 the	 amine	 2	 with	 formaldehyde	 and	














and	 [D6]acetone	 (5–8).	 In	 the	 1H	 NMR	 spectra,	 the	 two	 CH2	 groups	 are	 within	 the	 range	






the	 13C	 NMR.	 The	 carbon	 resonances	 next	 to	 the	 trinitromethyl	 unit	 are	 always	 upfield	
shifted	compared	with	those	connected	to	the	electron‐withdrawing	elements	nitrogen	and	











Figure	 4.1	 15N	 NMR	 spectrum	 of	 N‐(2,2,2‐trinitroethyl)‐N‐(3,3,3‐trinitropropyl)‐
nitramine	(10)	in	CD3CN.	
a	 typical	 15N	 NMR	 spectrum	 is	 shown	 in	 Figure	 4.1,	 with	 full	 assignment	 of	 all	 nitrogen	
atoms.	The	nitrogen	resonances	of	the	trinitromethyl	moieties	were	observed	at	−31.0	ppm	
for	 the	3,3,3‐trinitropropyl	unit	and	at	−34.5	ppm	 for	 the	2,2,2‐trinitroethyl	unit.	For	both	
resonances,	 a	 triplet	 caused	 by	 coupling	 with	 the	 two	 neighboring	 methylene	 hydrogen	
atoms	is	present,	with	coupling	constants	of	3J(15N,1H)	=	2.8	Hz	and	3J(15N,1H)	=	1.9	Hz.	







both	 the	 asymmetric	as(NO2)	 in	 the	 range	1600–1581	cm–1	 and	 the	 symmetric	 stretching	
vibrations	s(NO2)	at	1285–1307	cm–1	are	observed.	For	8	and	10,	additional	NNO2	groups	
are	 included	and	 also	additional	as(NO2)	 and	s(NO2)	 vibrations	appear	 at	 slightly	higher	
wavenumbers.[19]	 Furthermore,	 the	 as(NO2)	 vibration	 is	 shifted	 to	 higher	 wavenumbers	
when	 connected	 to	 electron‐withdrawing	 moieties;	 such	 as	 the	 carboxylate	 moiety	 in	 6	
(1600	cm–1)	 compared	 with	 the	 carbamate	 moiety	 in	 7	 (1583	cm–1).	 The	 same	 effect	
influences	the	C=O	stretching	vibrations	(C=O).	An	example	is	the	urea	derivative	4,	where	






	 1	 2	 3	 4	
	 IR	 Raman	 IR	 Raman	 IR	 Raman	 IR	 Raman	
ν(CO)	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 1642	(m)	 1644	(12)	
νas(NO2)	 1586	(s)	 1610	(24)	 1597	(s)	 1606	(45)	 1581	(s)	 1608	(19)	 1587	(m)	 1593	(28)	
νs(NO2)	 1298	(m)	 1304	(30)	 1303	(m)	 1312	(26)	 1296	(s)	 1306	(25)	 1298	(m)	 1309	(33)	
	
	 5	 6	 7	 8	
	 IR	 Raman	 IR	 Raman	 IR	 Raman	 IR	 Raman	
ν(CO)	 1659	(m)	 1694	(41)	 1764	(m)	 1769	(51)	 1704	(m)	 1699	(15)	 1758	(m)	 1760	(41)	
νas(NO2)	 1583	(s)	 1607	(22)	 1600	(s)	 1615	(25)	 1583	(s)	 1617	(36)	 1590	(s)	 1617	(32)	
νas(NO2)	 1297	(m)	 1299	(40)	 1296	(m)	 1292	(29)	 1298	(m)	 1299	(25)	 1291	(m)	 1307	(30)	1290	(31)	
	
	 9	 10	
	 IR	 Raman	 IR	 Raman	
ν(CO)	 ‐	 ‐	 ‐	 ‐	
νas(NO2)	 1581	(s)	 1604	(21)	 1599	(s)	1555	(s)	 1613	(35)	
νas(NO2)	 1302	(s)	 1309	(27)	 1285	(s)	1268	(s)	
1294	(23)	
1270	(25)	




temperature	 from	dichloromethane	(6,	8,	10),	 chloroform	(9),	or	acetonitrile	 (5,	7).	A	 full	
list	of	the	crystallographic	refinement	parameters	and	structural	data	for	compounds	4–10	












Figure	 4.2	 Molecular	 structure	 of	 bis(3,3,3‐trinitropropyl)	 urea	 (4).	 Selected	 bond	
lengths	 [Å]	and	angles	 [°]:	C1‒C2	1.49	5(7),	C1‒N1	1.519(6),	C1‒N2	1.539(6),	C1‒N3	
1.526(6),	 C2‒C3	 1.535(7),	 C3‒N4	 1.447(7),	 C4‒N4	 1.352(7),	 C4‒N5	 1.343(7),	 C4‒O7	
1.233(5);	 C5‒N5‒C4	 123.0(5),	 O7‒C4‒N4	 121.9(5),	 C4‒N4‒H5	 120(4),	 H5‒N4‒C3	
118(4),	C3‒N4‒C4‒O7	−6.5(8),	H5‒N4‒C4‒O7	−175(5),	O7‒C4‒N5‒C5	3.3(8).	
atom.[3c]	 The	 three	 nitro	 groups	 are	 organized	 around	 the	 carbon	 in	 a	 propeller‐like	





This	 steric	arrangement	of	 the	nitro	groups	was	also	observed	 in	 the	half	molecule	of	 the	
asymmetric	 unit,	 which	 is	 completed	 by	 a	 proper	 two‐fold	 rotation	 axis.	 Furthermore,	 a	
disorder	of	 the	trinitromethyl	group	 is	observed.	Two	different	positions	can	be	 identified	
with	 a	 nearly	 equivalent	 proportion.	 In	 the	 disorder,	 the	 nitro	 groups	 always	 share	 an	
oxygen	atom	that	 is	 fully	occupied,	whereas	the	other	oxygen	atom	and	the	nitrogen	atom	
are	independent	(Appendix	A4,	Figure	A4.1).		
Another	 consequence	 of	 the	 trinitromethyl	 group’s	 presence,	 with	 the	 quite	 strong	
electron‐withdrawing	 effect	 of	 the	 nitro	 groups,	 is	 the	 reduced	 bond	 length	 of	 the	
neighboring	 carbon–carbon	 bond	 (C1‒C2	 1.485	Å).[2]	 As	 expected,	 the	 urea	 unit	 is	 nearly	
planar	and	shows	typical	bond	geometry.	
The	oxalamide	5	and	the	oxalate	6	both	crystallize	in	the	monoclinic	space	group	P21/c	
and	 show	 the	 propeller‐like	 steric	 geometry	 of	 the	 trinitromethyl	 group.	 In	 5,	 the	
asymmetric	 unit	 consists	 of	 two	 half	 independent	 molecules	 that	 are	 almost	 equal.	 An	








lengths	 [Å]	 and	 angles	 [°]:	 C2‒C1	 1.506(2),	 C3‒C2	 1.531(3),	 C4‒C4’	 1.538(2),	 N4‒C3	
1.449(2),	N4‒C4	1.320(2);	C3‒N4‒C4	121.8(2),	H5‒N4‒C4	120(1),	O7‒C4‒N4	125.0(2),	





an	 additional	 N···O	 intramolecular	 attraction	 between	 the	 partially	 positively	 charged	
nitrogen	N3	and	O2,	which	is	confirmed	by	the	short	distance	(2.80	Å).	
	
Figure	4.4	 Molecular	 structure	 of	 bis(3,3,3‐trinitropropyl)	 oxalate	 (6).	 Selected	 bond	
lengths	 [Å]	 and	 angles	 [°]:	 C1‒O1	 1.198(2),	 C1‒O2	 1.325(2),	 C1‒C1’	 1.540(2),	 C2‒C3	
1.513(2),	 C2‒O2	 1.454(2),	 C3‒C4	 1.504(2),	 N2‒O4	 2.535(2),	 N1‒O7	 2.632(2),	 N3‒O6	





C1‒N1	 (1.33	Å)	 and	 the	 two	 N1‒H	 bonds	 (0.85	 and	 0.86	Å)	 in	 the	 carbamate	 part	 are	
shortened,	which	is	typical	for	such	moieties.[3c]	The	conformations	of	the	substituents	at	C2,	
C3,	 and	 C4	 are	 all	 almost	 perfectly	 staggered.	 The	 extended	 structure	 involves	 secondary	
interactions	 in	 terms	 of	 classical	 intermolecular	 N‒H···O	 hydrogen	 bonding	 and	 unusual	







Selected	 bond	 lengths	 [Å]	 and	 angles	 [°]:	 C1‒N1	 1.325(2),	 C1‒O1	 1.224(1),	 C1‒O2	
1.355(1),	 C2‒C3	 1.515(2),	 C2‒O2	 1.440(2),	 C3‒C4	 1.510(2),	 N1‒H1	 0.86(1),	 N1‒H2	
0.85(2),	 O2‒N4	 2.946(1),	 N4‒O6	 2.526(1),	 O7‒N2	 2.565(1),	 O3‒N3	 2.541(2);	
N1‒C1‒O1	 125.9(1),	 N1‒C1‒O2	 111.3(1),	 O1‒C1‒O2	 122.7(1),	 C3‒C2‒O2	 109.6(1),	
C2‒C3‒C4	117.4(1),	H2‒N1‒C1‒O1	−175(1),	N1‒C1‒O2‒C2	−179.1(1).	





lower	 temperature.	 This	 is	 particularly	 interesting,	 as	 the	 related	 compound,	 2,2,2‐
trinitroethyl	 nitrocarbamate,	 shows	 the	 same	behavior.[3c]	 Compound	8	 crystallizes	 in	 the	
orthorhombic	space	group	Pccn	with	one	molecule	as	an	asymmetric	unit	(Figure	4.6).	The	




Figure	 4.6	 Molecular	 structure	 of	 3,3,3‐trinitropropyl	 nitrocarbamate	 (8).	 Selected	
bond	 lengths	 [Å]	 and	 angles	 [°]:	 O4‒C1	 1.329(5),	 O4‒C2	 1.430(6),	 O3‒C1	 1.182(4),	
C1‒N2	 1.367(5),	 N2‒N1	 1.367(6),	 C2‒C3	 1.491(8),	 C3‒C4	 1.501(8);	 C2‒O4‒C1	








0.92(2),	 C1‒C2	 1.513(3),	 C3‒C4	 1.515(3),	 C4‒C5	 1.503(3);	 C2‒C1‒N1	 112.0(2),	
C2‒C1‒N2	 110.5(2),	 C2‒C1‒N3	 114.5(2),	 C4‒C5‒N5	 111.7(2),	 C4‒C5‒N6	 113.3(2),	
C4‒C5‒N7	114.5(2),	C3‒N4‒H3	109(2),	H3‒N4‒C2	111(2),	C3‒N4‒C2	111.6(2).	
which	 is	 achieved	 by	 delocalization	 of	 the	 nitrogen	 lone	 pair	 on	 N2.	 Compared	 with	 the	
carbamate	structure	of	7,	the	carbonyl	group	(C1‒O3)	shows	a	slight	shortening	as	a	result	
of	the	electron‐withdrawing	nitro	group.	
The	Mannich	 condensation	 product	9	 crystallizes	 in	 the	monoclinic	 space	 group	P21/c	




center	 that	 is	 located	on	the	b	 axis	of	 the	cell.[3a]	The	average	of	 the	N‒O	and	C‒NO2	bond	
lengths	of	the	trinitromethyl	units	in	the	ethyl	and	propyl	moiety	are	all	in	the	same	range,	
which	 is	 about	 1.21	Å	 for	 N‒O	 and	 1.52	Å	 for	 C‒NO2.	 Also,	 both	 trinitromethyl	 groups	
independently	show	propeller‐like	orientation	of	the	nitro	groups.	Additionally,	the	carbon–





The	 geometric	 environment	 of	 the	 nitramine	 shows	 a	 more	 planar	 structure	 around	 the	
nitrogen	atom	N4,	which	is	demonstrated	by	the	quite	high	angle	values	of	115.6,	116.5,	and	
122.0°.	 This	 is	 achieved	by	 the	delocalization	of	 the	 electron	 lone	pair	 of	 the	N4	nitrogen	
atom	and	is	affected	by	the	strong	electronwithdrawing	effect	of	the	nitro	group.	Otherwise,	







Figure	 4.8	 Molecular	 structure	 of	 N‐(2,2,2‐trinitroethyl)‐N‐(3,3,3‐trinitropropyl)	
nitramine	 (10).	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [°]:	 O8‒N5	 1.219(3),	 O7‒N5	
1.234(2),	 N5‒N4	 1.370(3),	 N4‒C2	 1.447(3),	 N4‒C3	 1.469(3),	 C1‒C2	 1.527(3),	 C3‒C4	
1.540(3),	 C5‒C4	 1.509(3);	 C2‒N4‒N5	 115.6(2),	 N5‒N4‒C3	 116.5(2),	 C2‒N4‒C3	
122.0(2),	C2‒N4‒N5‒O8	−159.3(2),	O7‒N5‒N4‒C3	175.8(2),	C5‒C4‒C3‒N4	−179.6(2),	
N2‒C1‒C2‒N4	176.8(2).	
more	 remarkable	 because	 of	 the	 impossibility	 of	 forming	 classical	 hydrogen	 bonds.	
However,	 for	 each	 hydrogen	 atom,	 a	 so‐called	 non‐classical	 hydrogen	 bond	 of	 the	 type	
C‒H···O	is	found,	the	majority	of	which	are	classified	as	quite	strong.[22]	
4.3.5 Thermal and Energetic Properties 
Compounds	4–10	 are	 possible	 energetic	materials	 and,	 therefore,	 potential	HEDOs.	All	
molecules	 are	 stable	 when	 exposed	 to	 air	 and	 or	 moisture.	 Table	 4.2	 summarizes	 the	
physical	and	thermal	properties.	Melting	points	and	thermal	stabilities	were	investigated	by	
differential	 scanning	 calorimetry	 (DSC)	with	 a	heating	 rate	 of	 5	°C	per	minute.	Quite	 high	
and	 satisfying	 melting	 and	 decomposition	 points	 were	 observed.	 For	 example,	 the	
oxalamide	5	 shows	 the	highest	decomposition	point	 at	 181	°C.	A	 clear	 trend	 in	which	 the	
3,3,3‐rinitropropyl	group	shows	higher	thermal	stability	than	the	2,2,2‐trinitroethyl	group,	
as	 anticipated,	 could	 not	 be	 confirmed.	 However,	 in	 the	 case	 of	 the	 nitramine	 10,	 the	
exchange	of	one	ethyl	for	a	propyl	group	leads	to	a	tremendous	difference	and	gives	a	57	°C	
higher	decomposition	point	than	the	corresponding	ethyl	derivative,	bis(2,2,2‐trinitroethyl)	
nitramine.[23]	 A	 comparison	 with	 the	 corresponding	 2,2,2‐trinitroethyl	 derivatives	 and	
common	explosives	is	illustrated	in	Table	4.2.	
For	the	manipulation	of	energetic	materials,	the	sensitivity	towards	impact,	friction,	and	





(FS)	 is	 determined	 by	 rubbing	 a	 small	 amount	 between	 a	 porcelain	 plate	 and	 a	 pin	with	
different	 contact	 pressures.[24]	 Some	 compounds	 can	 be	 classified	 as	 sensitive	 toward	
friction	 (≥360	N	 insensitive,	 360–80	N	 sensitive,	 80–10	N	 very	 sensitive,	 ≤10	N	 extremely	
sensitive),	and	some	are	sensitive	to	impact	(≥40	J	insensitive,	40–35	J	less	sensitive,	35–4	J	
sensitive,	≤3	J	very	sensitive).[1b,	25]	The	compounds	9	and	10	take	a	special	position	owing	
to	 their	 high	 sensitiveness	 to	 impact	 and	 are	 in	 the	 range	 of	 the	 well‐known	 explosive	
Hexogen	 (RDX).	 The	 relative	 electrostatic	 discharge	 (ESD)	 sensitivity	 of	 an	 explosive	 is	
tested	 with	 an	 apparatus,	 whereby	 variable	 capacitive	 resistances	 and	 loading	 voltages	
generate	different	spark	energies.	The	electric	discharge	was	determined	which	is	needed	to	
initiate	a	decomposition	or	an	explosion.	The	lowest	value	for	an	initialization	was	found	for	
the	 nitramine	10,	with	 an	 energy	 of	 0.15	J,	which	 is	 in	 the	 range	 of	 secondary	 explosives	
such	as	pentareythritol	tetranitrate	(PETN)	and	RDX.[24]	
The	main	performance	 criteria	of	 energetic	materials	 are	 the	heat	of	 explosion,	Qv,	 the	





energy	 content	 in	 the	molecule.	 This	 and	 the	 high	 density	 are	 reflected	 by	 the	 very	 high	





impulse,	 Is.	 Oxidizers	 are	 the	 main	 component	 in	 composite	 propellants	 and	 are	 the	
compounds	that	release	the	excess	of	included	oxygen	when	ignited.	This	oxygen	is	used	for	
the	oxidation	of	further	added	fuel	to	generate	a	lot	of	heat	and	gases	for	the	propulsion.	As	
an	 effective	 fuel,	 aluminum	 is	 often	 used,	 which	 has	 a	 very	 high	 heat	 of	 combustion	 and	
thereby	produces	a	very	hot	burning	temperature.[8]	Other	advantages	of	aluminum	are	its	
low	price,	 the	 low	atomic	weight,	 and	 its	non‐hazardous	combustion	product	 (Al2O3).	The	
so‐generated	 high	 burning	 temperature	 is	 important	 because	 the	 specific	 impulse,	 Is,	 is	








of	 the	 rocket	 can	 be	 doubled	 if	 the	 specific	 impulse	 is	 increased	 by	 20	s.	 The	 specific	
impulses,	 Is,	 of	 the	 compounds	 3–10	 were	 calculated	 as	 neat	 samples,	 with	 aluminum	
(15%),	 and	 with	 a	 binder/aluminum	 system	 (15%	 aluminum,	 6%	 polybutadiene	 acrylic	
acid,	 6%	 polybutadiene	 acrylonitrile,	 and	 2%	 bisphenol	 A	 ether).	 These	 impulses	 were	
compared	 with	 the	 calculated	 impulse	 of	 ammonium	 perchlorate	 (AP)	 in	 an	 analogous	
composition.	The	specific	impulses,	Is,	for	the	neat	compounds	show	altogether	much	higher	
values	 than	AP,	which	 is	predictable	as	 the	compounds	have	 their	own	 fuel	 in	 form	of	 the	
carbon	backbone.	The	neat	compounds	9	and	10	 show	impulse	values	of	272	s	and	264	s,	
which	are	already	higher	than	the	optimized	composite	of	AP	(261	s).	A	further	advantage	of	
the	 neat	 compounds	 are	 the	 burning	 residues,	 which	 are	 harmless	 and	 entirely	 gaseous	
products,	and	make	the	RADAR	detection	of	such	propulsion	systems	quite	complicated.[1a]	
The	 addition	 of	 aluminum	 (15%)	 as	 fuel	 increases	 the	 values	 for	 all	 compounds;	 the	
carbamate	 7	 shows	 the	 lowest	 value	 at	 256	s	 and	 the	 amine	 9	 has	 the	 highest	 specific	
impulse	with	274	s.	The	optimized	standard	mixture	 for	AP	 is	 composed	of	71%	oxidizer,	
15%	aluminium,	and	14%	binder.	 In	such	a	system,	all	 impulses	decrease,	an	effect	that	 is	
caused	by	the	increase	of	the	carbon	content.	Only	the	nitramine	10	can	outperform	AP	with	








	 4	 	 5	 	 6	 	 7	 	 8	 	 9	 	 10	 	 AP	 TNT	 RDX	
	 propyl	 ethyl	 propyl ethyl	 propyl ethyl	 propyl ethyl	 propyl	 ethyl	 propyl ethyl	 propyl ethyl	 	 	 	
Tm	[°C]	(onset)[a]	 ‐	 185	 ‐ n.a. 121 115 78 91 68	 109 65 114 141 94 ‐ 81 204	
Tdec	[°C]	
(onset)[b]	 160	 187	 181 n.a. 170 186 152 169 134	 153 96 114 153 96 240 248 228	
IS	[J][c]	 20	 3	 10 n.a. >	40 10 >	40 40 >	30	 10 7 5 7 2 20 15 7	
FS	[N][d]	 120	 160	 160 n.a. >	360 >	360 >	360 64 >	288	 96 120 120 160 64 360 360 120	
ESD	[N][e]	 0.40	 n.a.	 0.50 n.a. 0.40 n.a. 0.30 n.a. 0.20	 n.a. 0.20 n.a. 0.15 n.a. 0.50 0.45 0.20	
N	[%][f]	 27.1	 29.0	 25.3 27.1 18.9 20.2 23.5 25.0 24.7	 26.0 27.5 28.6 27.9 28.9 11.9 18.5 37.8	
O	[%][g]	 50.2	 53.9	 50.7 54.1 57.6 61.5 53.8 57.1 56.5	 59.5 53.8 56.0 55.7 57.7 54.5 42.3 43.2	
N	+	O	[%][h]	 77.3	 82.9	 76.0 81.2 76.5 81.7 77.3 82.1 81.2	 85.5 81.3 84.6 83.6 86.6 66.4 60.8 81.0	
ΩCO	[%][i]	 +3.9	 +20.7	 +3.6 +19.3 +14.4 +30.8 +6.7 +21.4 +19.8	 +32.7 +15.7 +25.7 +23.9 +33.0 +34.0 −24.7 0	









	 4	 5	 6	 7	 8	 9	 10	 AP	
formula	 C7H10N8O13	 C8H10N8O14	 C8H8N6O16	 C4H6N4O8	 C4H5N5O10	 C5H7N7O12	 C5H6N8O14	 NH4ClO4	
density	RT[a]	 1.75	 1.71	 1.67	 1.73	 1.70	 1.78	 1.89	 1.95	
ΔfHm°	[kJ	mol−1][b]	 −359.1	 −522.3	 −789.4	 −503.5	 −401.7	 −86.4	 −66.8	 −295.8	
ΔfU°	[kJ	kg−1][c]	 −774.1	 −1091.5	 −1693.5	 −2021.0	 −1331.3	 −151.7	 −79.7	 −2623.2	
Qv	[kJ	kg−1][d]	 −5385	 −5095	 −5126	 −4662	 −5809	 −6565	 −6377	 −1422	
Tex	[K][e]	 3692	 3605	 3808	 3328	 4175	 4445	 4420	 1735	
V0	[L	kg−1][f]	 739	 732	 724	 724	 755	 738	 756	 885	
PCJ	[kbar][g]	 294	 268	 256	 265	 269	 330	 367	 158	
VDet	[m	s−1][h]	 8227	 7937	 7732	 7896	 8134	 8713	 9119	 6368	
Is	[s][i]	 254	 245	 250	 237	 256	 272	 264	 157	
Is	[s]	(15%	Al)[j]	 267	 263	 259	 256	 261	 274	 269	 235	
Is	[s]	(15%	Al,	14%	binder)[k]	 251	 245	 246	 240	 253	 261	 267	 261	









were	 synthesized	 and	 thoroughly	 characterized,	 including	 X‐ray	 diffraction.	 The	 thermal	
stabilities	were	measured	by	different	scanning	calorimetry	(DSC).	In	general,	the	expected	
higher	 decomposition	 points	 compared	 with	 the	 2,2,2‐trinitroethyl	 group	 could	 not	 be	
confirmed;	however,	 some	higher	stabilities	were	detected.	Additionally,	 this	 is	 confirmed	
by	the	lower	sensitivities	of	the	3,3,3‐trinitropropyl	compounds	discussed	here.	
With	 respect	 to	 application	 as	 high‐energy	 dense	 oxidizers	 in	 composite	 solid	 rocket	
propellants,	several	energetic	performance	data	were	calculated.	The	best	compound,	with	
excellent	 detonation	 parameters,	 is	 the	 nitramine	 10,	 which	 has	 a	 very	 high	 detonation	
velocity	 (9119	m	s−1)	 and	 a	 strong	 detonation	 pressure;	 both	 values	 significantly	 exceed	
those	of	TNT,	RDX,	and	PETN	(for	details,	see	Appendix	A4).	Thus,	10	seems	to	serve	as	a	
good	oxidizer	candidate	 for	composite	rocket	propellants.	The	specific	 impulse,	 Is,	 reaches	
269	s	within	a	mixture	of	15%	aluminum	as	fuel,	which	is	a	result	of	the	quite	high	energy	of	
formation	 and	 the	 positive	 oxygen	 balance	 (ΩCO	 =	 +23.9).	 However,	 the	 synthesis	 of	 such	




All	 chemicals	were	used	as	supplied.	Raman	spectra	were	recorded	 in	a	glass	 tube	with	a	
















Crystals	 suitable	 for	 X‐ray	 crystallography	 were	 selected	 by	 means	 of	 a	 polarization	
microscope	and	mounted	on	 the	 tip	of	a	glass	 fiber.	The	measurements	were	 investigated	
with	 an	 Oxford	 XCalibur3	 (4,	 5,	 6,	 7,	 9,	 and	 10)	 or	 a	 Bruker‐Nonius	 KappaCCD	
diffractometer	 (8).	 The	 diffractometers	 are	 equipped	 with	 a	 generator	 (voltage	 50	 kV,	
current	40	mA)	and	a	KappaCCD	detector	operating	with	MoKa	radiation	(λ=0.7107	Å).	The	
solution	 of	 the	 structure	 was	 performed	 by	 direct	 methods	 (SIR97)[27]	 and	 refined	 by	
fullmatrix	least‐squares	on	F2	(SHELXL)[28]	implemented	in	the	WINGX	software	package[29]	
and	 finally	 checked	 with	 the	 PLATON	 software.[30]	 All	 non‐hydrogen	 atoms	 were	 refined	















natural	 orbital	 expressions	 to	 extrapolate	 from	 calculations	 using	 a	 finite	 basis	 set	 to	 the	
estimated	 complete	 basis	 set	 limit.	 CBS‐4M	 starts	 with	 a	 HF/3‐21G(d)	 geometry	
optimization,	which	is	the	initial	guess	for	the	following	SCF	calculation	as	a	base	energy	and	
a	 final	MP2/6‐31+G	 calculation	with	 a	 CBS	 extrapolation	 to	 correct	 the	 energy	 in	 second	
order.	 The	 used	 CBS‐4M	 method	 additionally	 implements	 a	 MP4(SDQ)/6‐31+(d,p)	









CAUTION!	 All	 prepared	 compounds	 are	 energetic	 materials	 with	 sensitivity	 toward	 heat,	
impact,	 and	 friction.	 Although	no	 hazards	 occurred	 during	 preparation	 and	manipulation,	







(C(NO2)3),	 123.6	 (NCO),	 37.4	 (CH2),	 35.0	 (CH2)	 ppm;	 14N	NMR	 (CDCl3):	δ	=	−31	 (C(NO2)3),	
−360	 (NCO)	ppm;	 elemental	 analysis	 calcd	 (%)	 for	 C4H4N4O7	 (220.10):	 C	 21.83,	H	1.83,	N	
25.46;	found:	C	21.31,	H	1.80,	N	26.07;	IR	(ATR):		=	3380	(w),	2956	(w),	2897	(w),	2269	(m,	









1H	NMR	 (CD3CN):	δ	 =	 7.92	 (br,	NH3),	 3.69	 (m,	 2H,	 CH2),	 3.42	 (m,	 2H,	 CH2)	 ppm;	 13C	NMR	

















3,3,3‐Trinitropropan‐1‐amine	 hydrochloride	 (2)	 (1.0	g,	 4.3	mmol)	 was	 dissolved	 in	 water	
(10	mL)	and	a	solution	of	NaNO2	(0.60	g,	8.7	mmol)	 in	water	(10	mL)	was	slowly	added	at	
0	°C.	 The	 yellow	 solution	 was	 stirred	 at	 0	°C	 for	 1	h	 and	 at	 60	°C	 for	 1.5	h.	 The	 reaction	
mixture	was	extracted	with	dichloromethane	(3	×	25	mL),	washed	with	brine	(25	mL),	and	
dried	 over	 MgSO4.	 After	 removing	 the	 solvent	 in	 vacuo,	 3,3,3‐trinitropropanol	 (3)	 was	
obtained	as	a	slightly	yellow	oil	(0.65	g,	78%).	




1581	 (s,	as(NO2)),	1473	 (w),	1420	 (w),	1368	 (m),	1296	 (s,	s(NO2)),	1223	 (w),	1140	 (w),	
1071	(m),	1035	(m),	984	(w),	924	(w),	854	(m),	842	(m),	811	(m),	798	(s),	771	(m)	cm−1;	
Raman	 (300	mW):		 =	2992	 (60),	2984	 (60),	2949	 (100),	2913	 (41),	 1608	 (19,	as(NO2)),	
1478	(7),	1458	(9),	1425	(15),	1368	(35),	1350	(23),	1306	(25,	s(NO2)),	1082	(8),	926	(7),	




3,3,3‐Trinitropropyl‐1‐isocyanate	 (1)	 (2.20	g,	 10	mmol)	 was	 dissolved	 in	 a	 mixture	 of	
acetone/water	 (3:1;	 12	mL)	 and	 heated	 at	 reflux	 for	 3	h.	 After	 evaporating	 the	 solvent	 in	






(CO)),	 1587	 (s,	as(NO2)),	 1566	 (s),	 1460	 (w),	 1442	 (w),	 1425	 (w),	 1392	 (w),	 1365	 (w),	
1298	(m,	s(NO2)),	1262	(m),	1246	(m),	1144	(m),	1101	(w),	1037	(w),	943	(w),	892	(w),	
856	(m),	826	(w),	796	(s),	770	(w)	cm−1;	Raman	(1000	mW):		=	2979	(35),	2944	(53),	1644	




s(NO2)),	 1147	 (16),	 1119	 (15),	 1045	 (30),	 977	 (10),	 924	 (14),	 896	 (14),	 859	 (100),	 800	
(10),	769	(9),	635	(14),	597	(11),	518	(19),	406	(53),	376	(51),	278	(34)	cm−1;	IS:	20	J	(grain	






hydrogen	 carbonate	 (0.40	g,	 4.8	mmol)	was	 added	 in	 small	 portions	 and	 the	mixture	was	
stirred	 for	30	min	at	0	°C.	The	organic	 layer	was	 separated	and	 the	aqueous	 solution	was	
extracted	 with	 diethyl	 ether	 (2	 ×	 25	 mL).	 The	 combined	 organic	 phase	 was	 dried	 over	
MgSO4	 and	 cooled	 to	 0	°C.	 Oxalyl	 chloride	 (0.20	g,	 1.7	mmol)	 was	 slowly	 added	 to	 the	
organic	 phase.	 After	 20	min,	 the	 precipitated	 solid	 was	 filtered	 off,	 washed	 with	 cooled	
diethyl	 ether	 and	 dried.	 Bis(3,3,3‐trinitropropyl)	 oxalamide	 (5)	 was	 obtained	 as	 a	 pure	
colorless	solid	(0.61	g,	75%).	
1H	NMR	((CD3)2CO):	δ	=	8.56	(br,	2H,	NH),	3.83	(m,	4H,	CH2),	3.69	(m,	4H,	CH2)	ppm;	13C	NMR	
((CD3)2CO):	 δ	 =	 160.8	 (C(O)O),	 130.4	 (C(NO2)3),	 35.0	 (CH2),	 33.8	 (CH2)	 ppm;	 14N	 NMR	

























(m),	 1600	 (s,	 as(NO2)),	 1580	 (s),	 1463	 (w),	 1412	 (w),	 1387	 (w),	 1373	 (w),	 1296	 (m,	
s(NO2)),	1261	(w),	1244	(w),	1193	 (s),	1143	(w),	1105	(w),	1043	(m),	922	 (w),	854	 (w),	
832	(w),	801	(m),	792	(m),	765	(m),	660	(w)	cm−1;	Raman	(300	mW):		=	3029	(16),	2998	
(46),	 2982	 (58),	 2959	 (77),	 2905	 (11),	 1769	 (51,	 n(CO)),	 1615	 (25,	as(NO2)),	 1597	 (22),	
1462	(17),	1415	(21),	1377	(32),	1352	(15),	1292	(29,	s(NO2)),	1246	(14),	1107	(12),	1053	
(23),	938	(22),	923	(24),	855	(100),	821	(10),	801	(8),	767	(7),	632	(8),	510	(11),	466	(15),	







bath	was	 removed	 and	 stirring	 at	 room	 temperature	was	 continued	 for	 1	h.	 The	 reaction	
mixture	was	again	cooled	with	an	ice	bath	and	water	(10	mL)	was	added	with	caution.	The	
reaction	mixture	was	 stirred	 further	10	min	 at	 room	 temperature	 to	 complete	hydrolysis.	
The	organic	solvent	was	removed	in	vacuo	and	the	formed	precipitate	was	filtered.	The	light	
yellow	 precipitate	 was	 recrystallized	 from	 a	 mixture	 of	 ethanol	 and	 water	 (7:1)	 and	
colorless	3,3,3‐trinitropropyl	carbamate	(7)	was	obtained	(1.06	g,	82%).	
1H	NMR	((CD3)2CO):	δ	=	6.07	(br,	NH2),	4.51	(m,	2H,	CH2O),	3.78	(m,	2H,	CH2)	ppm;	13C	NMR	
((CD3)2CO):	 δ	 =	 156.5	 (CO),	 130.1	 (C(NO2)3),	 58.0	 (CH2O),	 34.3	 (CH2)	 ppm;	 14N	 NMR	
((CD3)2CO):	 δ	 =	 −29	 (NO2),	 −311	 (NH2)	 ppm;	 elemental	 analysis	 calcd	 (%)	 for	 C4H6N4O8	
(238.11):	C	20.18,	H	2.54,	N	23.53;	found:	C	20.10,	H	2.63,	N	23.22;	IR	(ATR):		=	3393	(w),	















Nitric	 acid	 (100%,	2	mL)	was	dropped	 into	 concentrated	 sulfuric	 acid	 (2	mL)	at	0	°C.	 Into	
this	 nitration	 mixture,	 chilled	 in	 an	 ice	 bath,	 7	 (0.48	g,	 2.0	mmol)	 was	 added	 in	 small	
portions.	 The	 suspension	 was	 stirred	 for	 10	min	 at	 0	°C	 and	 one	 hour	 at	 ambient	
temperature.	 The	 nitration	 mixture	 was	 poured	 onto	 ice‐water	 (200	mL),	 extracted	 with	
ethyl	 acetate	 (3	 ×	 50	mL),	 and	 the	 combined	 organic	 phases	were	 dried	 over	magnesium	
sulfate.	The	solvent	was	removed	under	reduced	pressure	and	the	crude	solid	product	was	
recrystallized	 from	 carbon	 tetrachloride	 to	 obtain	 colorless	 3,3,3‐trinitropropyl	
nitrocarbamate	(8,	0.37	g,	65%).	
1H	NMR	((CD3)2CO):	δ	=13.6	(br,	NH),	4.80	(m,	2H,	CH2O),	3.98	(m,	2H,	CH2)	ppm;	13C	NMR	
((CD3)2CO):	 δ	 =	 148.7	 (CO),	 129.9	 (br,	 C(NO2)3),	 60.3	 (CH2O),	 33.6	 (CH2)	 ppm;	 14N	 NMR	
((CD3)2CO):	 δ	 =	 −29	 (NO2),	 −46	 (NO2)	 ppm;	 elemental	 analysis	 calcd	 (%)	 for	 C4H5N5O10	
(283.11):	C	16.97,	H	1.78,	N	24.74;	 found:	C	16.89,	H	1.87,	N	24.33;	IR	(ATR):	=3134	(w),	
3037	 (w),	 2895	 (w),	 1758	 (m,	(CO)),	 1590	 (s,	as(NO2)),	 1458	 (m),	 1410	 (w),	 1390	 (w),	
1367	(w),	1334	(m),	1291	(m,	s(NO2)),	1255	(m),	1175	(s),	1099	(m),	1046	(m),	1001	(m),	
921	 (m),	851	 (m),	798	 (s),	749	 (m),	736	 (m)	cm−1;	Raman	(500	mW):		 =	3149	(6),	2994	
(35),	 2958	 (55),	 1760	 (41,	(CO)),	 1617	 (32,	as(NO2)),	 1455	 (24),	 1413	 (24),	 1370	 (43),	







2,2,2‐Trinitroethanol	 (0.41	g,	 2.2	mmol)	 was	 dissolved	 in	 water	 (20	mL)	 and	 added	 to	 a	
solution	of	2	(0.50	g,	2.2	mmol)	in	water	(5	mL).	A	solution	of	sodium	hydroxide	(1	mL,	2M)	
was	added	and	the	reaction	mixture	was	stirred	at	25	°C	for	1	h.	The	precipitated	solid	was	






















until	 9	 was	 completely	 dissolved	 (1.5	h).	 After	 15	h	 at	 25	°C,	 the	 reaction	 mixture	 was	
poured	onto	ice‐water	(25	mL).	The	precipitated	solid	was	filtered,	washed	with	water,	and	




−31.0	(t,	 3J	=	2.8	Hz,	C(NO2)3),	−32.9	 (m,	NNO2),	−34.5	(t,	 3J	=	1.9	Hz,	C(NO2)3),	−213.7	(m,	
NNO2)	ppm;	elemental	analysis	calcd	(%)	for	C5H6N8O14	(402.15):	C	14.93,	H	1.50,	N	27.86;	
found:	 C	 15.02,	 H	 1.55,	 N	 27.58;	 IR	 (ATR):	 	 =	 3020	 (w),	 1599	 (s,	 as(NO2)),	 1555	 (s,	
as(NO2)),	 1454	 (w),	 1412	 (w),	 1395	 (w),	 1342	 (w),	 1285	 (s,	 s(NO2)),	 1268	 (s,	 s(NO2)),	
1208	(w),	1138	(w),	1062	(w),	1007	(w),	876	(w),	858	(m),	799	(s),	780	(m),	763	(m),	662	
(w)	 cm−1;	Raman	 (300	mW):		 =	 3046	 (11),	 3020	 (15),	 3000	 (19),	 2977	 (36),	 2958	 (41),	
1613	(35,	as(NO2)),	1456	(9),	1429	(7),	1413	(10),	1396	(15),	1386	(18),	1367	(20),	1345	
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Several	 new	 compounds	 as	 potential	 high‐energy	 dense	 oxidizers	 (HEDOs)	 were	
synthesized	 from	 the	 nitro	 alcohols	 2,2,2‐trinitroethanol	 and	 3,3,3‐trinitropropanol	 with	
oxalyl	 chloride	 and	 hydrazide.	 The	 materials	 were	 characterized	 thoroughly	 by	
spectroscopic	methods,	and	some	of	their	crystal	structures	were	determined	through	X‐ray	
diffraction.	 The	 energetic	 properties,	 thermal	 stabilities,	 and	 sensitivities	 of	 the	 oxalates,	
carbonyl	azides,	 and	 imidodicarboxylate	were	determined.	Furthermore,	 the	enthalpies	of	






of	 AP	 is	 still	 as	 oxidizer	 in	 solid	 rocket	 propellants.[1]	 During	 the	 decomposition	 of	 AP,	 in	
which	 the	 ammonium	 ion	 acts	 as	 a	 reducing	 agent	 and	 the	 perchlorate	 ion	 acts	 as	 an	
oxidizing	 agent,	 gaseous	 products	 such	 as	 nitrogen,	 oxygen,	 and	 hydrogen	 chloride	 are	
mainly	 formed.[2]	 The	 excess	 oxygen	 is	 further	 reduced	 through	 reaction	with	 aluminum,	
which	 is	 added	 in	 composite	 propellants	 as	 a	 fuel	 and	 provides	 a	 very	 high	 heat	 of	
combustion	and,	therefore,	a	high	burning	temperature.[3]	Nevertheless,	AP	also	has	several	
disadvantages.	As	the	diameter	of	the	perchlorate	ion	is	similar	to	the	diameter	of	the	iodide	
ion,	 it	 acts	 as	 a	 competitive	 inhibitor	 in	 the	 thyroid	 gland	 and	 leads	 to	 growth	 and	
development	 disturbances,	 especially	 in	 vertebrates.[1a,4]	 Moreover,	 slow	 cook‐off	 tests	
showed	 that	 AP	 decomposes	 to	 form	 acidic	 side‐products,	 which	 in	 turn	 react	 with	 the	
binder,	 causing	 cracks	 and	 cavities	 in	 the	 composite.[1a]	 For	 this	 reason,	 halogen‐free	
alternative	oxidizers	are	needed.	
As	 potential	 replacements	 for	 AP,	 high‐energy	 dense	 oxidizers	 (HEDOs)	 have	 been	
discussed	recently.	Such	compounds	consist	entirely	of	C,	H,	N,	and	O,	preferably	with	a	high	
oxygen	content.	2,2,2‐Trinitroethanol	 (TNE)	 is	a	 suitable	starting	material	with	an	oxygen	
balance	 (ΩCO)	 of	 30.9%	 and	 is	 easily	 synthesized	 from	 trinitromethane	 and	 formaldehyde	
through	a	Henry	reaction.[5]	Another	eligible	starting	material	for	the	synthesis	of	HEDOs	is	




trinitromethane.[6]	Although	 the	oxygen	balance	of	3,3,3‐trinitropropanol	 (ΩCO	=	12.3%)	 is,	
not	 surprisingly,	 lower	 than	 that	 of	 2,2,2‐trinitroethanol,	 this	 polynitroalcohol	 exhibits	
several	benefits	concerning	its	stability	towards	bases	and	nucleophiles.	
We	have	synthesized	a	large	number	of	compounds	with	these	two	moieties	during	our	





study	 (Scheme	5.1).	The	reaction	of	oxalyl	 chloride	with	TNE	 furnishes	different	products	
depending	 on	 the	 stoichiometry.	With	 2	 equiv.	 of	 TNE,	 bis(2,2,2‐trinitroethyl)	 oxalate	 (1)	
was	 obtained	 as	 a	 colorless	 solid,	 whereas	 the	 moisture‐sensitive	 2,2,2‐trinitroethyl	
chloro(oxo)acetate	 (2)	was	obtained	as	a	colorless	 liquid	with	1	equiv.	of	TNE.	These	 two	
compounds	were	previously	briefly	mentioned	and	only	insufficiently	characterized.[7,8]	The	
further	 reaction	 of	 2	 with	 3,3,3‐trinitropropanol	 afforded	 the	 asymmetric	 ester	 2,2,2‐
trinitroethyl	(3,3,3‐trinitropropyl)	oxalate	(3).	With	sodium	azide,	2	was	converted	into	the	
corresponding	 carbonyl	 azide,	 2,2,2‐trinitroethyl	 azido(oxo)acetate	 (4),	 which	 is	 a	 very	









A	 further	 convenient	 method	 for	 the	 preparation	 of	 acyl	 isocyanate	 is	 the	 reaction	 of	
amides	 with	 oxalyl	 chloride.[9]	 A	 readily	 available	 oxygen‐rich	 amide	 for	 the	 synthesis	 of	
such	 an	 acyl	 isocyanate	 is	 4,4,4‐trinitrobutanamide,	 which	 is	 synthesized	 by	 a	 simple	
Michael	 addition	 of	 trinitromethane	 and	 acrylamide.[6b]	 The	 reaction	with	 oxalyl	 chloride	
yielded	 the	 corresponding	 carbonyl	 isocyanate	 with	 hydrogen	 chloride	 elimination.The	
immediate	 reaction	 of	 this	 carbonyl	 isocyanate	 with	 TNE	 produced	 2,2,2‐trinitroethyl	N‐
(4,4,4‐trinitrobutanoyl)carbamate	(6)	as	a	colorless	solid	in	high	purity.	
Another	 interesting	precursor	and	cheap	starting	material	 for	 further	chemistry	 in	 this	
context	 is	 the	 dihydrazide	 of	 oxalic	 acid.	 This	 derivative	 is	 readily	 available	 from	 oxalic	
diester	and	hydrazine	hydrate.[10]	The	reaction	with	nitrous	acid	generates	oxalyl	diazide,[11]	
which	was	not	isolated	owing	to	its	high	sensitivity.	Further	treatment	with	1	equiv.	of	TNE	






in	CDCl3	 (for	2,	4,	 and	7)	or	 [D6]acetone	 (for	1,	3,	5,	 and	6).	 In	 the	 1H	NMR	spectra	of	 all	
compounds,	 the	 CH2	 resonances	 of	 the	 trinitroethyl	moiety	 appear	 as	 singlets	within	 the	
narrow	 range	 δ	 =	 6.12	 to	 5.47	ppm.	 In	 the	 spectra	 of	 the	 asymmetric	 oxalate	 3	 and	 the	
carbamate	6,	two	further	signals	are	observed	for	the	protons	of	the	propyl	moieties	at	δ	=	




=	 170.3	 to	 149.1	ppm.	 The	 carbon	 atoms	 of	 the	 trinitromethyl	 moiety	 are	 observed	 as	
broadened	 signals	 in	 the	 narrow	 range	 δ	 =	 125.1	 to	 121.9	ppm.	 Only	 the	 trinitromethyl	
carbon	resonances	of	the	propyl	units	are	shifted	slightly	to	lower	fields	[δ	=	129.6	(3)	and	
131.6	ppm	(6)].	












are	within	 the	 range	 ν	 =	 1814	 to	 1770	cm–1	 in	 the	 IR	 spectra	 and	 between	 ν	 =	 1818	 and	
1719	cm–1	 in	 the	 Raman	 spectra.[12]	 The	 asymmetric	 stretching	 vibrations	 of	 the	 nitro	
groups	 νas(NO2)	 of	 the	 trinitromethyl	 moieties	 are	 assigned	 between	 ν	 =	 1623	 and		
1581	cm–1,	 whereas	 the	 symmetric	 stretching	 vibrations	 νs(NO2)	 appear	 at	 ν	 =	 1312	 to	
1268	cm–1.[13]	 In	 the	 IR	 spectra,	 characteristic	 bands	 are	 also	 observed	 for	 the	 cumulated	
double	bonds	of	the	azide	groups	of	4	and	7	at	ν	=	2178	(4)	and	2163	cm–1	(7).[12]	For	5,	6,	
and	7,	 strong	 bands	 attributed	 to	 the	 amide	 units	 are	 observed	 in	 the	 range	 ν	 =	 1532	 to	
1507	cm–1.	
Table	5.1	Selected	IR	and	Raman	bands	for	1–7.[a]	
	 1	 3	 4	
	 IR	 Raman	 IR	 Raman	 IR	 Raman	
























	 5	 6	 7	
	 IR	 Raman	 IR	 IR	 Raman	 IR	






























the	 C1‒C1′	 bond.	 As	 is	 common	 for	 oxalate	 structures,	 the	 C1‒O2	 bond	 is	 between	 an	
ordinary	C‒O	single	and	double	bond	with	an	bond	length	of	1.343(2)	Å.[14]	The	oxalate	unit	
as	 well	 as	 both	 CH2	 groups	 are	 arranged	 in	 a	 perfectly	 planar	 manner.	 Only	 the	
trinitromethyl	 moiety	 is	 slightly	 twisted	 out	 of	 plane	 with	 a	 torsion	 angle	 of	 156.7°	






















molecules	 in	 the	 unit	 cell	 and	 a	 high	 calculated	 density	 of	 1.915	g	cm–3	 at	 –100	°C.	 The	
asymmetric	unit	consists	of	half	a	molecule,	which	is	completed	by	a	twofold	rotation	axis	
through	 N1	 along	 the	 c	 axis	 (Figure	 5.3).	 The	 moieties	 surrounding	 the	 N1	 atom	 are	
orientated	 in	a	 trigonal	planar	arrangement,	which	 is	also	depicted	by	the	angles	of	118.3	
(C1–N1–H1)	and	123.3°	(C1–N1–C1′).	This	geometry	is	achieved	through	a	delocalization	of	
the	 electron	 lone	 pair	 caused	 by	 the	 electron‐withdrawing	 effect	 of	 the	 carbonyl	 and	










All	 compounds,	 except	 the	 chloro(oxo)acetate	 2,	 are	 stable	 to	 air	 and	 moisture.	 The	
thermal	stabilities	of	1	and	3–7	were	tested	by	differential	scanning	calorimetry	(DSC)	with	
a	 heating	 rate	 of	 5	°C	 min–1	 and	 are	 listed	 in	 Table	 5.2.	 Compounds	 1,	 5,	 and	 6	 exhibit	
satisfying	decomposition	 temperatures	with	values	between	183	and	186	°C.	As	expected,	
the	 thermal	 stability	 of	 the	 asymmetric	 oxalate	3,	 especially	 the	melting	point	 of	 63	°C,	 is	
lower	 than	 that	 of	 the	 symmetric	 analogues	1	 (Tm	 =	 115	°C,	Tdec	 =	 186	°C)	 and	 bis(3,3,3‐
trinitropropyl)	oxalate	(Tm	=	120	°C,	Tdec	=	170	°C).[6a]	Both	azide	compounds	4	and	7	show	
low	decomposition	temperatures	of	50	and	127	°C,	respectively.	For	the	azido(oxo)acetate	
4,	 two	 exothermic	 signals	 are	 observed;	 the	 first	 signal	 is	 assigned	 to	 the	 exothermic	
rearrangement	 of	 the	 carbonyl	 azide	 to	 the	 corresponding	 intermediate	 isocyanate	
(NO2)3CCH2OC(O)NCO,	 followed	 by	 hydrolysis	 to	 the	 corresponding	 2,2,2‐trinitroethyl	
carbamate,	which	decomposes	at	167	°C.[16]	
For	 classification	 of	 their	 sensitivities,	 the	 impact	 (IS),	 friction	 (FS),	 and	 electrostatic	
discharge	sensitivities	 (ESD)	of	all	 compounds	were	 tested.[17]	The	 IS	measurements	were	
performed	 with	 a	 BAM	 fall	 hammer	 according	 to	 STANAG	 4489.[18]	 For	 the	 FS	
measurements,	a	BAM	friction	tester	was	used	according	to	STANAG	4487.[19]	The	azide	4	
exhibits	 extreme	 sensitivity	 to	 impact	 and	 friction	and	 should,	 therefore,	 be	handled	with	
caution.	 Furthermore,	 the	 imidodicarboxylate	 5,	 the	 carbamate	 6,	 and	 the	 azide	 7	with	
values	of	3	(5	and	7)	and	4	J	(6)	are	very	sensitive	or	sensitive	to	impact	and	also	sensitive	
to	 friction	with	 values	 of	 120	 (7),	 288	 (6),	 and	324	N	 (5).	However,	 the	 oxalate	1	has	 an	
impact	sensitivity	of	10	J	and	a	 friction	sensitivity	of	360	N	and	 is	even	 less	sensitive	 than	






Owing	 to	 its	 high	 room‐temperature	 density	 of	 1.92	g	cm–3,	 the	 imidodicarboxylate	 5	









	 1	 3	 4	 5	
Formula	 C6H4N6O16	 C7H6N6O16	 C4H2N6O9	 C6H5N7O16	
MW	[g	mol−1]	 416.12	 430.15	 278.09	 431.14	
Tm	[°C]	(onset)[a]	 115	 63	 38	 –	
Tdec	[°C]	(onset)[b]	 186	 168	 50	 183	
IS	[J][c]	 10	 40	 <1	 3	
FS	[N][d]	 >360	 >360	 <5	 324	
ESD	[J][e]	 0.7	 0.7	 0.015	 0.16	
N	[%][f]	 20.2	 19.5	 30.2	 22.7	
O	[%][g]	 61.5	 59.5	 51.8	 59.4	
N	+	O	[%][h]	 81.7	 79.0	 82.0	 82.1	
ΩCO	[%][i]	 +30.8	 +22.3	 +23.0	 +27.8	
ΩCO2	[%][j]	 +7.7	 −3.7	 0	 +5.6	
	
	 6	 7	 AP	
Formula	 C7H7N7O15	 C4H3N7O9	 NH4ClO4	
MW	[g	mol−1]	 429.17	 293.11	 117.49	
Tm	[°C]	(onset)[a]	 –	 –	 –	
Tdec	[°C]	(onset)[b]	 183	 127	 240	
IS	[J][c]	 4	 3	 20	
FS	[N][d]	 288	 120	 >360	
ESD	[J][e]	 0.1	 0.015	 0.5	
N	[%][f]	 22.9	 33.5	 11.9	
O	[%][g]	 55.9	 49.1	 54.5	
N	+	O	[%][h]	 78.8	 82.6	 66.4	
ΩCO	[%][i]	 +16.8	 +19.1	 +34.0	
ΩCO2	[%][j]	 −9.3	 −2.7	 +34.0	
[a]	Melting	temperature	determined	by	DSC.	[b]	Decomposition	temperature	determined	by	DSC.	[c]	Impact	sensitivity.	
[d]	Friction	sensitivity.	[e]	Sensitivity	towards	electrostatic	discharge.	[f]	Nitrogen	content.	[g]	Oxygen	content.	[h]	Sum	








	 1	 3	 4	 5	
Formula	 C6H4N6O16	 C7H6N6O16	 C4H2N6O9	 C6H5N7O16	
Density	RT[a]	 1.84	 1.73	 1.75	 1.92	
ΔfHm°	[kJ	mol−1][b]	 –688.0	 –705.2	 –170.5	 –775.2	
ΔfU°	[kJ	kg−1][c]	 –1575.9	 –1558.7	 –537.3	 –1717.5	
Qv	[kJ	kg−1][d]	 –5177	 –5839	 –5701	 –5062	
Tex	[K]	[e]	 3943	 4262	 4394	 3936	
V0	[L	kg−1]	[f]	 705	 711	 707	 724	
PCJ	[kbar][g]	 286	 270	 280	 237	
Vdet	[m	s−1][h]	 8275	 8071	 8223	 8675	
Is	[s][i]	 240	 252	 250	 240	
Is	[s]	(15%	Al)	[j]	 250	 257	 257	 250	
Is	[s]	(15%	Al,	14%	binder)[k]	 256	 251	 247	 252	
	
	 6	 7	 AP	
Formula	 C7H7N7O15	 C4H3N7O9	 NH4ClO4	
Density	RT[a]	 1.63	 1.50	 1.95	
ΔfHm°	[kJ	mol−1][b]	 –645.7	 –271.4	 −295.8	
ΔfU°	[kJ	kg−1][c]	 –1420.7	 –845.7	 −2623.2	
Qv	[kJ	kg−1][d]	 –5371	 –5199	 −1422	
Tex	[K]	[e]	 4028	 4219	 1735	
V0	[L	kg−1]	[f]	 741	 745	 885	
PCJ	[kbar][g]	 241	 189	 158	
Vdet	[m	s−1][h]	 7703	 7213	 6368	
Is	[s][i]	 252	 247	 157	
Is	[s]	(15%	Al)	[j]	 259	 255	 235	
Is	[s]	(15%	Al,	14%	binder)[k]	 248	 243	 261	




[i]	 Specific	 impulse	 for	 the	 neat	 compound	 [EXPLO5	 V6.02	 code;	 70.0	bar	 chamber	 pressure,	 isobaric	 combustion	
conditions	(1	bar),	equilibrium	expansion].[21]	 [j]	Specific	 impulse	 for	compositions	with	85%	oxidizer/compound	and	
15%	aluminum	[70.0	bar	chamber	pressure,	isobaric	combustion	conditions	(1	bar),	equilibrium	expansion].	[k]	Specific	
impulse	 for	 compositions	with	 71%	oxidizer/compound,	 15%	aluminum	and	 14%	binder	 [6%	polybutadiene	 acrylic	





The	 specific	 impulse	 Is	 is	 the	 most	 relevant	 parameter	 for	 the	 utilization	 of	 these	
compounds	as	composite	propellants.	 It	 is	 important	to	know	that	the	payload	of	a	rocket	
can	be	approximately	doubled	if	the	specific	impulse	is	increased	by	20	s.[1a]	As	the	specific	
impulse	is	proportional	to	the	square	root	of	the	ratio	of	the	temperature	of	the	combustion	
chamber	Tc	 and	 the	 average	molecular	mass	 of	 the	 combustion	 products,	 a	 high	 burning	
temperature	 is	 crucial.	 Therefore,	 aluminum	 is	 added.	 In	 addition	 to	 its	 low	 price,	 the	
benefits	 of	 aluminum	 are	 its	 high	 heat	 of	 combustion	 and	 nonhazardous	 combustion	
product	Al2O3,	which	is	formed	when	aluminum	is	oxidized	by	the	excess	oxygen	provided	
by	the	oxidizer.	For	composite	propellants,	1	and	3–7	were	calculated	as	neat	samples,	with	
aluminum	 (15%),	 and	 in	 a	 binder/aluminum	 system	 (15%	 aluminum,	 6%	 polybutadiene	
acrylic	 acid,	 6%	 polybutadiene	 acrylonitrile,	 and	 2%	 bisphenol	 A).	 Since	 the	 carbon	
backbones	of	the	synthesized	compounds	can	also	be	oxidized	in	composite	propellants	and,	
therefore,	 act	 as	 fuel,	 the	 highest	 value	 of	 259	 s	 was	 obtained	 by	 the	 carbamate	 6	 in	 a	
mixture	with	15%	aluminum.	These	specific	impulses	are	considerably	higher	than	that	of	a	
comparable	mixture	of	ammonium	perchlorate	and	aluminum	(Is	=	235	s).	Even	the	specific	
impulses	 of	 the	 other	 compounds	 with	 values	 of	 250–255	s	 exceed	 that	 of	 ammonium	
perchlorate	in	such	a	composite.	When	14%	binder	was	added	to	the	composite	propellants,	
the	 specific	 impulses	were	 slightly	 lower	 than	 that	 for	 a	 similar	mixture	with	 ammonium	
perchlorate	(Is	=	261	s)	but	are	still	in	a	satisfying	range.	Compounds	3	and	5	exhibit	specific	




and	 characterized	 comprehensively,	 including	 by	 multinuclear	 NMR	 and	 vibrational	
spectroscopy.	 The	 thermal	 stabilities	 of	 the	 compounds	 were	 determined	 by	 DSC	





impact	 and	 friction.	 The	 asymmetric	 oxalate	 3	 is	 completely	 insensitive	 and	 additionally	
achieves	a	promising	specific	impulse	of	257	s	in	a	composite	propellant	consisting	of	85%	
oxidizer	 and	 15%	 aluminum,	 which	 is	 higher	 than	 that	 of	 a	 comparable	 mixture	 of	











spectra	 of	 samples	 in	 a	 glass	 tube	were	 recorded	 in	 the	 range	 ν	 =	 400–4000	 cm–1	with	 a	
Bruker	 MultiRAM	 FT‐Raman	 spectrometer	 with	 Nd:YAG	 laser	 excitation	 (1000	mW	 at	
1064	nm).	 The	 IR	 spectra	 were	 recorded	 with	 a	 Perkin–Elmer	 Spectrum	 BX‐FTIR	




The	 MS	 data	 were	 obtained	 with	 a	 JEOL	 MStation	 JMS	 700	 spectrometer	 [desorption	
chemical	 ionization	 (DCI+),	 desorption	 electron	 ionization	 (DEI+)].	 The	 C/H/N	 analyses	
were	performed	with	an	Elemental	VarioEL	analyzer.	The	melting	and	decomposition	points	
were	measured	with	Perkin–Elmer	Pyris6	DSC	and	OZM	Research	DTA	552‐Ex	instruments	
at	a	heating	 rate	of	5	°C	min–1	 in	a	 temperature	range	of	15	 to	400	°C	and	checked	with	a	




mounted	 on	 the	 tip	 of	 a	 glass	 fiber.	 All	 measurements	 were	 performed	 with	 an	 Oxford	
XCalibur3	diffractometer	 (1,	4,	 and	5).	The	diffractometer	was	equipped	with	a	generator	
(voltage	50	kV,	current	40	mA)	and	a	KappaCCD	detector	and	operated	with	Mo‐Kα	radiation	
(λ	=	 0.7107	Å).	 The	 structures	were	 solved	 by	 direct	methods	 (SIR97),[22]	 refined	 by	 full‐
matrix	 least‐squares	 techniques	 on	 F2	 (SHELXL)[23]	 with	 the	WINGX	 software	 package,[24]	
and	 finally	 checked	 with	 the	 PLATON	 software.[25]	 All	 non‐hydrogen	 atoms	 were	 refined	






crystallographic	 data	 (excluding	 structure	 factors)	 for	 this	 paper.	 These	 data	 can	 be	
obtained	free	of	charge	from	The	Cambridge	Crystallographic	Data	Centre.	
Quantum Chemical Calculations 
All	 ab	 initio	 calculations	 were	 performed	 with	 the	 program	 package	 Gaussian	 09	 (rev.	
A.02)[26]	 and	 visualized	 by	 GaussView	 5.08.[27]	 The	 structure	 optimizations	 and	 frequency	
analyses	were	performed	with	the	Becke	B3	threeparameter	hybrid	functional	with	the	Lee–
Yang–Parr	 (LYP)	 correlation	 functional	 (B3LYP).	 For	 C,	 H,	 N,	 and	 O,	 the	 correlation‐
consistent	polarized	double‐zeta	basis	set	cc‐pVDZ	was	used.	The	structures	were	optimized	
with	symmetry	constraints,	and	the	energies	were	corrected	with	the	zero‐point	vibrational	
energy.[28]	The	enthalpies	 (H)	and	 free	energies	 (G)	were	calculated	by	 the	complete	basis	
set	 (CBS)	method	 to	 obtain	 accurate	 values.	 The	 CBS	models	 used	 the	 known	 asymptotic	
convergence	of	pair	natural	orbital	expressions	to	extrapolate	the	estimated	complete	basis	
set	 limit	 from	 calculations	 with	 a	 finite	 basis	 set.	 CBS‐4M	 starts	 with	 a	 HF/3‐21G(d)	
geometry	optimization,	which	is	the	initial	guess	for	the	following	selfconsistent	field	(SCF)	
calculation	as	a	base	energy	and	a	final	MP2/	6‐31+G	calculation	with	a	CBS	extrapolation	to	
correct	 the	 secondorder	 energy.	 The	 used	 CBS‐4M	 method	 additionally	 implements	 a	




All	 calculations	 of	 the	 detonation	 parameters	 were	 performed	 with	 the	 EXPLO5	 V6.02	
program	package.[21,31]	The	detonation	parameters	were	calculated	at	the	Chapman–Jouguet	
(CJ)	 point	 with	 the	 aid	 of	 the	 steady‐state	 detonation	 model	 and	 a	 modified	 Becker–
Kistiakowski–Wilson	equation	of	state	to	model	the	system.	The	CJ	point	was	found	from	the	
Hugoniot	 curve	 of	 the	 system	 by	 its	 first	 derivative.	 The	 specific	 impulses	 were	 also	
calculated	 with	 the	 EXPLO5	 V6.02	 program	 for	 an	 assumed	 isobaric	 combustion	 of	 a	
composition	 of	 70%	 oxidizer,	 16%	 aluminum	 as	 fuel,	 6%	 polybutadiene	 acrylic	 acid,	 6%	
polybutadiene	acrylonitrile	as	binder,	and	2%	bisphenol	A	ether	as	an	epoxy	curing	agent.	A	
chamber	 pressure	 of	 70.0	bar	 and	 an	 ambient	 pressure	 of	 1.0	bar	 with	 frozen	 expansion	
conditions	were	assumed	for	the	calculations.	
Syntheses 
CAUTION!	 All	 prepared	 compounds	 are	 energetic	 materials	 with	 sensitivity	 toward	 heat,	




However,	 additional	 proper	 protective	 precautions	 (face	 shield,	 leather	 coat,	 earthed	





in	 1,2‐dichloroethane	 (10	mL),	 and	 AlCl3	 (0.1	g,	 8.7	mmol)	 was	 added.	 The	 solution	 was	
heated	under	reflux	for	5	h.	After	the	reaction	mixture	cooled,	a	colorless	solid	precipitated.	




















1H	 NMR	 (CDCl3):	 δ	 =	 5.59	 (s,	 2	 H,	 CH2)	 ppm.	 13C	 NMR	 (CDCl3):	 δ	 =	 158.5	 [C(O)O],	 153.1	















NMR	([D6]acetone):	δ	=	155.4	 [C(O)O],	154.9	 [C(O)O],	129.6	 [CPr(NO2)3],	124.7	 [CEt(NO2)3],	





1796	 (28),	1772	 (13),	1619	 (28),	1464	 (10),	1441	 (12),	1416	 (13),	1390	 (20),	1373	 (20),	
1358	(29),	1309	(35),	11251	(5),	1102	(7),	1055	(19),	935	(13),	923	(14),	908	(20),	878	(6),	
857	(100),	814	(6),	802	(6),	793	(5),	641	(8),	543	(11),	467	(9),	439	(20),	413	(44),	394	(45),	







The	 organic	 layer	 was	 separated,	 and	 the	 aqueous	 solution	 was	 extracted	 with	 ice‐cold	
chloroform	 (2	×	20	mL).	 The	 combined	 organic	 phase	 was	 washed	 with	 ice‐cold	 water	





















To	 a	 solution	 of	 sodium	 azide	 (276	mg,	 4.2	mmol)	 in	water	 (10	mL)	 at	 0	°C	was	 added	 a	
solution	of	2	(500	mg,	1.8	mmol)	in	chloroform	(10	mL).	The	reaction	mixture	was	stirred	at	
0	°C	 for	15	min.	The	organic	 layer	was	separated,	and	 the	aqueous	solution	was	extracted	
with	ice‐cold	chloroform	(2	×	20	mL).	The	combined	organic	phase	was	washed	with	brine	
(20	mL)	 and	dried	with	magnesium	 sulfate.	 2,2,2‐Trinitroethanol	 (330	mg,	 1.8	mmol)	was	
added	 to	 the	 solution,	 and	 the	 reaction	mixture	was	heated	under	 reflux	 for	12	h	under	a	
nitrogen	atmosphere.	The	reaction	mixture	was	cooled,	the	solvent	was	removed	in	vacuo,	
and	water	(5	mL)	was	added.	A	colorless	solid	precipitated	and	was	collected	by	filtration,	
washed	with	water,	 and	dried	 in	vacuo.	Compound	5	was	obtained	as	 a	 colorless	 solid	 in	
64%	yield.	
1H	NMR	([D6]acetone):	δ	=	10.69	(s,	1	H,	NH),	5.93	(s,	4	H,	CH2)	ppm.	13C	NMR	([D6]acetone):	














4,4,4‐Trinitrobutanamide[6b]	 (500	mg,	 2.3	mmol)	 was	 suspended	 in	 1,2‐dichloroethane	




immediately.	 The	 reaction	mixture	was	 heated	 under	 reflux	 for	 2	h.	 2,2,2‐Trinitroethanol	
(407	mg,	2.3	mmol)	was	added,	and	the	clear	solution	was	heated	under	reflux	 for	 further	
5	h.	The	mixture	was	 cooled	 to	 room	 temperature,	 and	 a	 colorless	 solid	precipitated.	The	
solid	was	 collected	by	 filtration,	washed	with	1,2‐dichloroethane,	 and	dried.	 Compound	6	
was	obtained	as	a	colorless	solid	in	68%	yield.	
1H	NMR	([D6]acetone):	δ	=	10.38	(NH),	5.91	(s,	2	H,	CH2O),	3.77	(m,	2	H,	CH2),	3.29	(m,	2	H,	












Oxalyl	 dihydrazide[10]	 (300	mg,	 2.5	mmol)	 was	 suspended	 in	 conc.	 HCl	 (5	mL),	 and	 the	
suspension	 was	 overlayed	 with	 chloroform	 (50	mL).	 A	 solution	 of	 NaNO2	 (420	mg,	
6.1	mmol)	 in	water	(6	mL)	was	added	slowly	at	0	°C.	The	reaction	mixture	was	stirred	 for	
15	min	 at	 0	°C.	 The	 organic	 layer	was	 separated,	washed	with	 ice	water	 (2	×	20	mL)	 and	
brine	(20	mL),	and	dried	with	magnesium	sulfate.	2,2,2‐	Trinitroethanol	(360	mg,	2.0	mmol)	
was	added,	and	the	solution	was	heated	to	35	°C	for	15	h.	After	the	removal	of	the	solvent	in	
vacuo,	 the	 obtained	 yellow	 oil	 was	 washed	 with	 water	 to	 yield	 a	 colorless	 solid.	
Recrystallization	from	chloroform	yielded	7	(61%)	as	colorless	crystals.	
1H	NMR	 (CDCl3):	δ	=	7.93	 (s,	 1H,	NH),	 5.47	 (s,	 2H,	 CH2)	 ppm.	 13C	NMR	 (CDCl3):	δ	=	153.3	













(grain	 size	<	100	μm).	ESD:	0.015	 J	 (grain	 size	<	100	μm).	DSC	 (5	°C	min–1,	 onset):	127	°C	
(b.p.,	dec.).	
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New	 oxygen‐rich	 compounds	 starting	 from	 the	 amino	 acids	 β‐alanine	 and	 L‐aspartic	 acid	
were	synthesized	and	comprehensively	analyzed	including	multinuclear	NMR	spectroscopy	
and	vibrational	spectroscopy.	Thermal	stabilities	were	measured	and	the	behavior	towards	
external	 stimuli	 like	 friction	 or	 impact	 were	 determined.	 Detonation	 and	 combustion	







classification	 β‐alanine	 forms	 one	 of	 the	 most	 simple	 representatives	 of	 such	 non‐
proteinogenic	amino	acids.	β‐Alanine	is	formed	via	decarboxylation	of	L‐aspartic	acid	and	is	
a	 constitutional	 isomer	 of	 the	 proteinogenic	 amino	 acid	 L‐alanine,	 in	 which	 the	 amino	




Due	 to	 their	 natural	 occurrence,	 their	 low	 toxicity,	 and	 their	 reactive	 functionalities,	
amino	 acids,	 particularly	 glycine,	 have	 been	 investigated	 as	 high‐energy	 dense	 oxidizers	
(HEDOs)	for	replacing	ammonium	perchlorate	(AP)	in	the	area	of	solid	rocket	boosters.[4]	In	
recent	years	much	effort	has	been	carried	out	in	order	to	find	an	alternative	in	view	of	the	
fact	 that	 AP	 shows	 several	 drawbacks.	 The	 toxic	 decomposition	 products	 of	 AP	 such	 as	
hydrogen	 chloride	 cause	 environmental	 problems	 and	 are	 in	 addition	 easily	 visible	 and	
detectable	leading	to	tactical	disadvantages.[5]	Furthermore	slow	cook‐off	tests	showed	slow	
decomposition	 of	 formulations	 containing	 AP	 forming	 acidic	 side‐products.	 These	 acidic	
side‐products	 in	 turn	 react	 with	 the	 binder‐system	 leading	 to	 cracks	 and	 cavities	 and	
negatively	 affect	 the	 performance	 of	 such	 composite	 propellants.[5a]	 However	 the	 major	











of	 amino	 acids	 and	 2,2,2‐trinitroethanol	 (TNE).	 In	 1963,	 a	 three	 step	 synthesis	 of	 3‐
[nitro(2,2,2‐trinitroethyl)amino]propanoic	 acid	 (1)	 starting	 from	 β‐alanine	 was	 first	
described.[8]	 Further	 reaction	 with	 TNE	 yields	 compounds	 with	 high	 oxygen	 contents.	 L‐
Aspartic	 acid	 was	 chosen	 due	 to	 its	 numerous	 functional	 sites,	 which	 would	 allow	 an	




The	 syntheses	 of	 several	 new	polynitro	 compounds	 starting	 from	 the	 readily	 available	 β‐
alanine	ethyl	ester	hydrochloride	 is	 shown	 in	Scheme	6.1.	 In	 the	 first	 step	β‐alanine	ethyl	
ester	 hydrochloride	 was	 reacted	 with	 formaldehyde	 and	 trinitromethane	 in	 a	 Mannich	
reaction	 yielding	 ethyl	 3‐[(2,2,2‐trinitroethyl)amino]propanoate	 as	 a	 slightly	 yellow	 oil,	
which	was	used	 in	 the	 following	 step	without	 further	 purification.	 In	 the	 second	 step	 the	
amine	 function	was	nitrated	 in	 a	1:1	mixture	of	 acetic	 anhydride	 and	nitric	 acid.	 Ethyl	 3‐
[nitro(2,2,2‐trinitroethyl)amino]propanoate	 was	 obtained	 as	 a	 colorless	 liquid.	 The	
protecting	 group	 of	 the	 carboxylic	 acid	 was	 removed	 in	 the	 third	 step	 by	 refluxing	 in	
hydrochloric	acid	and	acetic	acid	 (2:1)	 leaving	 the	propanoic	acid	1	as	a	colorless	solid	 in	
high	purity.	 The	 carboxylic	 chloride	3‐[nitro(2,2,2‐.trinitroethyl)amino]propanoyl	 chloride	
(2)	was	synthesized	by	the	reaction	of	1	with	thionyl	chloride.[8]	The	following	reaction	of	2	
with	 2,2,2‐trinitroethanol	 afforded	 2,2,2‐trinitroethyl	 3‐[nitro(2,2,2‐
trinitroethyl)amino]propanoate	 (3)	 as	 a	 colorless	 solid,	 whereas	 the	 sensitive	 3‐
[nitro(2,2,2‐trinitroethyl)amino]propanoyl	azide	(4)	was	obtained	by	the	reaction	of	2	and	
sodium	 azide.	 During	 this	 reaction	 it	 is	 important	 to	 keep	 the	 temperature	 always	 below	









reaction	 with	 2,2,2‐trinitroethanol	 yielded	 2,2,2‐trinitroethyl	 [2‐(nitro(2,2,2‐
trinitroethyl)amino)ethyl]carbamate	as	a	pale	yellow	oil.	Subsequently,	this	oil	was	nitrated	
in	 a	 1:1	 mixture	 of	 acetic	 anhydride	 and	 nitric	 acid	 to	 obtain	 2,2,2‐trinitroethyl	 nitro[2‐
(nitro(2,2,2‐trinitroethyl)amino)ethyl]carbamate	(5)	as	a	colorless	pure	solid.	
As	shown	in	Scheme	6.2,	the	2,2,2‐trinitroethyl	N‐nitro‐N‐(2,2,2‐trinitroethyl)‐L‐aspartic	
acid	 (6)	 was	 synthesized	 similar	 to	 the	 acid	 1	 starting	 from	 diethyl‐L‐aspartate	
hydrochloride.[8]	 Further	 chlorination	 was	 successful	 with	 phosphorus(V)	 chloride	 (no	
reaction	with	 SOCl2)	 to	 give	N‐nitro‐N‐(2,2,2‐trinitroethyl)‐L‐aspartoyl	 dichloride	 (7)	 as	 a	
colorless	crystalline	solid.	The	subsequent	reaction	of	7	with	2,2,2‐trinitroethanol	afforded	
(S)‐2‐[nitro(2,2,2‐trinitroethyl)amino]‐4‐oxo‐4‐(2,2,2‐trinitroethoxy)butanoic	 acid	 (8)	 in		
	
	









All	 herein	 described	 compounds	 were	 investigated	 by	 1H,	 13C{1H}	 and	 14N	 NMR	
spectroscopy.	The	spectra	were	either	recorded	in	CDCl3	(2,	4,	and	7)	or	[D6]acetone	(1,	3,	5,	
6,	and	8).	In	the	1H	NMR	spectra	of	the	molecules	containing	the	β‐alanine	moiety	(1–5)	the	
resonances	of	 the	 trinitroethyl	groups	connected	 to	 the	nitramine	are	 found	as	singlets	 in	
the	 narrow	 range	 of	 6.00–5.56	ppm.	 For	 the	 ester	3	 as	 well	 as	 the	 carbamate	 5,	 further	
singlets	 are	 observed	 at	 δ	 =	 5.86	ppm	 (3)	 and	 6.15	ppm	 (5)	 for	 the	 second	 trinitroethyl	
moiety.	The	chemical	shifts	of	the	protons	of	the	β‐alanine	moiety	are	in	the	wide	range	of	




into	 doublets	 with	 JAB	 coupling	 constants	 of	 17.2	Hz	 (6,	 7,	 and	 8)	 and	 14.0	Hz	 (8).	 The	
resonances	of	 the	CH	protons	 in	 the	 aspartate	unit	 are	observed	between	5.41–5.04	ppm,	











In	 the	 13C	NMR	 spectra	 the	 resonances	 for	 the	 carbonyl	moiety	of	 compounds	1–4	are	
observed	between	179.2–170.1	ppm	whereas	 the	 carbonyl	 signal	of	 the	nitrocarbamate	 is	
shifted	 to	higher	 field	 at	δ	=	149.3	ppm.	For	 compounds	6–8	 two	 signals	 for	 the	 carbonyl	
moieties	appear	between	172.4	and	167.9	ppm.	The	resonances	of	the	carbon	atoms	of	the	
trinitromethyl	moiety	are	found	as	broadened	signals	in	the	range	of	125.4–121.9	ppm.	
In	 order	 to	 verify	 the	 structure	 of	 compound	8,	 2D‐NMR	 spectra	 (1H,1H‐COSY,	 1H,13C‐
HMQC	 and	 1H,13C‐HMBC)	 as	 well	 as	 a	 proton	 coupled	 13C	 NMR	 spectrum	were	 recorded.	
While	 the	 2D	 spectra	 allowed	 a	 clear	 assignment	 of	 the	 observed	 1H	 and	 13C	 signals,	 the	
position	of	the	trinitroethyl	group	could	be	derived	only	from	the	1H	coupled	13C	spectrum	
evaluating	 the	 splitting	 pattern	 constants	 of	 the	 two	 carbonyl	 carbon	 atoms	 (Figure	 6.2).	




the	 second	 carbonyl	 unit	 (δ	 =	 169.5	ppm)	 is	 split	 into	 a	 triplet	 of	 doublets	 of	 triplets.	
Assuming	that	the	trinitroethyl	moiety	is	bound	to	this	carbonyl	group	this	splitting	pattern	
would	be	expected.	The	larger	triplet	with	a	coupling	constant	of	7.9	Hz	corresponds	to	a	2J	
coupling	 to	 the	 adjacent	 CH2	 group.	 The	 doublet	 (4.6	Hz)	 as	 well	 as	 the	 smaller	 triplet		
	
	





(2.7	Hz)	 can	 be	 assigned	 to	 the	 coupling	 to	 the	 CH	 and	 CH2	 moieties,	 respectively.	 The	
smaller	 3J	 coupling	 constant	 of	 only	 2.7	Hz	 can	 be	 explained	 by	 the	 coupling	 across	 the	
oxygen.	This	is	also	in	agreement	with	coupling	constants	found	in	the	literature.[9]	
6.3.3 Vibrational Spectroscopy 
In	 addition	 to	 NMR	 spectroscopy	 all	 compounds	 were	 analyzed	 also	 by	 IR	 and	 Raman	
spectroscopy.	For	the	carbonyl	moieties	strong	to	medium	bands	are	observed	in	the	range	












depicted	 in	 Figure	 3.1,	 is	 stabilized	 by	 strong	 intra‐	 (C3–H3···O6	 2.694	Å,	 C4–H5···O1	
2.411	Å)	and	intermolecular	hydrogen	bonds	(C3–H4···O1	2.376	Å,	C4–H6···O12	2.385	Å),	as	
well	as	intramolecular	attractions	with	atom	distances	shorter	than	the	sum	of	the	van	der	



















Figure	6.4	Disorder	of	 the	 trinitromethyl	moiety	 in	 the	molecular	 structure	of	2.	 The	
distribution	of	the	electron	density	is	shown	by	the	intensities	of	the	different	colors.	
The	carbonyl	azide	4	crystallizes	in	the	monoclinic	space	group	P21/n	with	one	molecule	
in	 the	asymmetric	unit.	 In	 this	structure	 the	mostly	 favored	propeller‐like	arrangement	of	
the	 trinitromethyl	 unit	 is	 not	 observed.	 Instead	 two	 nitro	 groups	 are	 rather	 parallel	
oriented.	 This	 orientation	 is	 stabilized	 both	 by	 intramolecular	 attractions	 between	 the	
nitrogen	N6	and	the	oxygen	O7	(N6···O7	2.703	Å)	and	the	nitrogen	N8	and	the	oxygen	O5	
(N8···O5	 2.610	Å),	 respectively,	 and	 intramolecular	 hydrogen	 bonds	 (C3–H3···O6	 2.342	Å,	
C4–H6···O1	2.381	Å).	As	common	 for	covalent	carbonyl	azides,	 the	azide	moiety	 is	slightly	
bent	with	 an	 angle	 of	 172.93°	while	 the	 atom	 distances	 between	 the	 nitrogen	 atoms	 are	








The	 thermal	and	energetic	properties	were	determined	 for	all	 compounds	except	 the	acid	
chlorides	2	 and	7.	 Differential	 scanning	 calorimetry	measurements	 (DSC)	 with	 a	 heating	
rate	 of	 5	K	min–1	 showed	 satisfying	 decomposition	 temperatures	 with	 values	 higher	 than	
150	°C	 for	 most	 of	 the	 compounds	 (Table	 6.1).	 Only	 the	 carbonyl	 azide	 4	 exhibits	 an	
exothermic	 signal	 at	 65	°C	 which	 is	 attributed	 to	 the	 Curtius	 rearrangement	 to	 the	
corresponding	 isocyanate.	 As	 compiled	 also	 in	 Table	 6.1,	 the	 synthesized	 compounds	
generally	 possess	 nitrogen	 and	 oxygen	 contents	 of	 almost	 +80%	 (1,	4,	6,	 and	8)	 or	 even	
higher	(3	and	5)	and	the	oxygen	balance	assuming	the	formation	of	CO	(ΩCO)	is	positive	for	
all	compounds.	The	carbamate	5	even	has	a	ΩCO	value	of	+21.5%.	
For	 all	 compounds	 the	 sensitivities	 towards	 impact	 (IS)	 and	 friction	 (FS)	 were	 tested	
according	 to	 STANAG	 4489[13]	 and	 STANAG	 4487[14]	 using	 a	 BAM	 fall	 hammer	 and	 BAM	




achieve	 the	 requirements	 for	 HEDOs.[7]	 As	 expected,	 special	 care	 should	 be	 taken	 when	
working	with	the	carbonyl	azide	4	(IS	=	2	J,	256	FS	=	80	N).	
Since	 most	 of	 the	 compounds	 are	 classified	 as	 energetic	 materials,	 detonation	 and	
combustion	parameters	were	predicted	for	compounds	1,	3–6,	and	8	by	using	the	EXPLO5	
V6.02	 code.[16]	 These	 values,	 together	 with	 the	 previously	 computed	 enthalpies	 and	 free	
energies	 (CBS‐4M	 ab	 initio	 calculations),	 are	 summarized	 in	 Table	 6.2.	 For	 the	 use	 as	
secondary	explosive	the	detonation	velocity	and	pressure	as	well	as	the	thermal	stability	are	







	 1	 3	 4	 5	
formula	 C5H7N5O10	 C7H8N8O16	 C5H6N8O9	 C7H8N10O18	
MW	[g	mol−1]	 297.15	 460.18	 322.15	 520.19	
Tm	[°C]	(onset)	[a]	 ‐	 72	 ‐	 103	
Tdec	[°C]	(onset)	[b]	 146	 164	 65	 157	
IS	[J]	[c]	 15	 9	 2	 10	
FS	[N]	[d]	 >360	 192	 80	 216	
ESD	[J]	[e]	 0.20	 0.30	 0.02	 0.15	
N	[%]	[f]	 23.6	 24.4	 34.8	 26.9	
O	[%]	[g]	 53.8	 55.6	 44.7	 55.4	
N+O	[%]	[h]	 77.4	 80.0	 79.5	 82.3	
ΩCO	[%]	[i]	 +8.1	 +17.4	 +5.0	 +21.5	
ΩCO2	[%]	[j]	 −18.8	 −7.0	 −19.9	 0	
	
	 6	 8	 AP	
formula	 C6H7N5O12	 C8H8N8O18	 NH4ClO4	
MW	[g	mol−1]	 341.15	 504.19	 117.49	
Tm	[°C]	(onset)	[a]	 ‐	 ‐	 ‐	
Tdec	[°C]	(onset)	[b]	 160	 159	 240	
IS	[J]	[c]	 40	 3	 20	
FS	[N]	[d]	 >360	 216	 >	360	
ESD	[J]	[e]	 0.10	 0.15	 0.5	
N	[%]	[f]	 20.5	 22.22	 11.9	
O	[%]	[g]	 56.3	 57.1	 54.5	
N+O	[%]	[h]	 76.8	 79.3	 66.4	
ΩCO	[%]	[i]	 +11.7	 +19.0	 +34.0	
ΩCO2	[%]	[j]	 −16.4	 −6.3	 +34.0	
[a]	Melting	temperature	determined	by	DSC	measurement	carried	ou	at	a	heating	rate	of	5	K	min−1.	[b]	Decomposition 
temperature determined by DSC measurement (heating rate 5 K min−1).	[c]	Impact	sensitivity.	[d]	Friction	sensitivity.	[e]	








	 1	 3	 4	 5	 6	 8	 AP	
formula	 C5H7N5O10	 C7H8N8O16	 C5H6N8O9	 C7H8N10O18	 C6H7N5O12	 C8H8N8O18	 NH4ClO4	
density	RT	[a]	 1.72	 1.73	 1.70	 1.89	 1.66	 1.65	 1.95	
ΔfHm°	[kJ	mol−1]	[b]	 −463.1	 −398.4	 98.3	 −292.8	 −824.5	 −777.5	 −295.8	
ΔfU°	[kJ	kg−1]	[c]	 −1466.9	 −779.5	 393.5	 −477.1.4	 −2329.5	 −1458.5	 −2623.2	
Qv	[kJ	kg−1]	[d]	 −5108	 −6110	 −5700	 −6328	 −4502	 −5601	 −1422	
Tex	[K]	[e]	 3610	 4315	 4059	 4355	 3399	 4152	 1735	
V0	[L	kg−1]	[f]	 738	 740	 761	 746	 734	 735	 885	
pCJ	[kbar]	[g]	 277	 292	 291	 365	 234	 247	 158	
Vdet	[m	s−1]	[h]	 7987	 8300	 8285	 9083	 7515	 7801	 6368	
Is	[s]	[i]	 247	 252	 259	 250	 233	 248	 155	
Is	[s]	(15%	Al)	[j]	 258	 260	 268	 259	 248	 253	 232	
Is	[s]	(20%	Al)	[k]	 260	 262	 262	 261	 251	 255	 240	
Is	[s]	(12%	Al,	14%	binder)	[l]	 237	 249	 236	 257	 229	 242	 254	




isobaric	 combustion	 conditions	 (1	 bar),	 equilibrium	 to	 throat	 and	 frozen	 to	 exit).[16]	 [j]	 Specific	 impulse	 for	 compositions	 with	 85%	 oxidizer	 and	 15%	 aluminum.	 [k]	 Specific	 impulse	 for	
compositions	with	80%	oxidizer	and	20%	aluminum.	[l]	Specific	impulse	for	compositions	with	74%	oxidizer,	12%	aluminum	and	14%	binder	(6%	polybutadiene	acrylic	acid,	6%	polybutadiene	
acrylonitrile	and	2%	bisphenol	A	ether).	[m]	Specific	impulse	for	compositions	with	66%	oxidizer,	20%	aluminum	and	14%	binder	(6%	polybutadiene	acrylic acid, 6% polybutadiene acrylonitrile 














the	 specific	 impulses	 for	 several	 composite	 propellants	 are	 listed	 (further	 values	 are	
summarized	in	the	Appendix	A6).	The	best	specific	impulses	with	values	higher	than	260	s	
were	obtained	for	composite	propellants	existing	of	85%	oxidizer	and	15%	aluminum	(Is	=	






L‐aspartic	 acid	 were	 synthesized	 and	 characterized	 including	 multinuclear	 NMR	 and	
vibrational	spectroscopy.	Furthermore	physical	and	chemical	properties	were	determined.	




Extreme	 care	 should	 be	 taken	 when	 working	 with	 the	 very	 sensitive	 carbonyl	 azide	 4.	
Furthermore	 detonation	 and	 combustion	 parameters	 were	 determined.	 Compound	 5	
possesses	 a	 high	 detonation	 velocity	 (Vdet	 =	 9083	m	s–1)	 and	 detonation	 pressure	 (PCJ	 =	
365	kbar),	 which	 is	 comparable	 to	 RDX.	 The	 specific	 impulses	 show	 satisfying	 values	 for	
oxidizer/fuel	 systems	 of	 higher	 than	 260	s	 (1,	3,	4,	 and	5).	When	 predicting	 the	 specific	














standards	 Me4Si	 (1H,	 399.8	MHz;	 13C,	 100.5	MHz)	 and	 MeNO2	 (14N,	 28.8	MHz).	 Mass	
spectrometric	data	were	obtained	with	a	JEOL	MStation	JMS	700	spectrometer	(DCI+,	DEI+).	
Analysis	 of	 C/H/N	 were	 performed	 with	 an	 Elemental	 VarioEL	 Analyzer.	 Melting	 and	
decomposition	points	were	measured	with	a	Perkin‐Elmer	Pyris6	DSC	and	an	OZM	Research	




Crystals	 suitable	 for	 X‐ray	 crystallography	 were	 selected	 by	 means	 of	 a	 polarization	
microscope,	mounted	on	the	tip	of	a	glass	fiber.	All	measurements	were	investigated	with	an	
Oxford	XCalibur3	(2,	and	4).	The	diffractometer	is	equipped	with	a	generator	(voltage	50	kV,	
current	40	mA)	 and	 a	KappaCCD	detector	 operating	with	Mo‐Kα	 radiation	 (λ	=	0.7107	Å).	
The	solution	of	 the	structure	was	performed	by	direct	methods	 (SIR97)[17]	 and	refined	by	
full‐matrix	least‐squares	on	F2	(SHELXL)[18]	implemented	in	the	WINGX	software	package[19]	
and	 finally	 checked	 with	 the	 PLATON	 software[20].	 All	 non‐hydrogen	 atoms	 were	 refined	
anisotropically.	 The	 hydrogen	 atom	 positions	 were	 located	 in	 a	 difference	 Fourier	 map.	
ORTEP	plots	are	shown	with	thermal	ellipsoids	at	the	50%	probability	level.	
Crystallographic	data	(excluding	structure	factors)	for	the	structures	in	this	paper	have	
been	 deposited	 with	 the	 Cambridge	 Crystallographic	 Data	 Centre,	 CCDC,	 12	 Union	 Road,	




All	 ab	 initio	 calculations	 were	 carried	 out	 using	 the	 program	 package	 Gaussian	 09	 (Rev.	







and	 the	 energy	 is	 corrected	with	 the	 zero	 point	 vibrational	 energy.[23]	 The	 enthalpies	 (H)	
and	free	energies	(G)	were	calculated	using	the	complete	basis	set	(CBS)	method	in	order	to	
obtain	 accurate	 values.	 The	 CBS	models	 used	 the	 known	 asymptotic	 convergence	 of	 pair	
natural	 orbital	 expressions	 to	 extrapolate	 from	 calculations	 using	 a	 finite	 basis	 set	 to	 the	
estimated	 complete	 basis	 set	 limit.	 CBS‐4M	 starts	 with	 a	 HF/3‐21G(d)	 geometry	
optimization,	which	is	the	initial	guess	for	the	following	SCF	calculation	as	a	base	energy	and	
a	 final	MP2/6‐31+G	 calculation	with	 a	 CBS	 extrapolation	 to	 correct	 the	 energy	 in	 second	
order.	 The	 used	 CBS‐4M	 method	 additionally	 implements	 a	 MP4(SDQ)/6‐31+(d,p)	








the	 system	 by	 its	 first	 derivative.	 The	 specific	 impulses	 were	 also	 calculated	 with	 the	
EXPLO5	V6.02	program,	assuming	an	isobaric	combustion	of	a	composition	of	70%	oxidizer,	
16%	 aluminum	 as	 fuel,	 6%	 polybutadiene	 acrylic	 acid,	 6%	 polybutadiene	 acrylonitrile	 as	
binder	and	2%	bisphenol	A	ether	as	epoxy	curing	agent.	A	chamber	pressure	of	70.0	bar	and	
an	 ambient	 pressure	 of	 1.0	bar	 with	 frozen	 expansion	 conditions	 were	 assumed	 for	 the	
calculations.	
Synthesis 
CAUTION!	 All	 prepared	 compounds	 are	 energetic	 materials	 with	 sensitivity	 towards	 heat,	
impact,	 and	 friction.	 No	 hazards	 occurred	 during	 the	 preparation	 and	 manipulation.	
However,	 additional	 proper	 protective	 precautions	 (face	 shield,	 leather	 coat,	 earthed	




















on	 the	 rotary	 evaporator	 leaving	 a	 precipitate	 which	 was	 washed	 with	 toluene	 twice.	 3‐





–31	 (N(NO2)3),	 –32	 (C(NO2)3)	 ppm.	C5H7N5O10	 (297.15):	 calcd.	 C	20.21,	H	2.37,	N	23.57%;	

































Trinitroethanol	 (344	mg,	 1.9	mmol)	 and	 dry	 aluminum(III)	 chloride	 (226	mg,	 1.7	mmol)	
were	added	and	the	reaction	mixture	was	refluxed	for	3	h.	Any	solid	was	filtered	off	and	the	
filtrate	was	washed	with	10	mL	2	M	hydrochloric	acid	and	water	(2	×	10	mL).	The	organic	
solvent	 was	 removed	 in	 vacuo	 yielding	 2,2,2‐trinitroethyl	 3‐[nitro(2,2,2‐
trinitroethyl)amino]propanoate	(3)	as	a	colorless	solid	(64%).	
1H	 NMR	 ([D6]acetone):	 δ	 =	 5.99	 (s,	 2H,	 CH2C(NO2)3),	 5.86	 (s,	 2H,	 CH2(NO2)3)	 ppm;	 A2B2	
spectrum:	δA	=	4.32,	δB	=	3.10	ppm,	JAB	=	6.4	Hz,	C(O)CH2CH2N.	13C{1H}	NMR	([D6]acetone):	δ	
=	170.1	(C(O)),	125.1	(C(NO2)3),	61.9	(CH2),	55.5	(CH2),	50.2	(CH2),	31.7	(CH2)	ppm.	14N	NMR	




















with	 20	mL	 ice‐cold	 water,	 ice‐cold	 solution	 of	 5%	 sodium	 bisulfate,	 ice‐cold	 water,	 and	
brine	and	was	dried	with	magnesium	sulfate.	The	solvent	was	concentrated	to	5	mL	on	the	












2138	 (20),	1709	 (41),	1620	 (28),	1611	 (41),	1579	 (11),	1446	 (24),	1401	 (31),	1379	 (21),	
1366	 (25),	 1337	 (49),	 1320	 (21),	 1306	 (23),	 1278	 (41),	 1224	 (10),	 1204	 (11),	 1191	 (9),	







To	 the	 propanoyl	 azide	 4	 (500	mg,	 1.5	mmol)	 dissolved	 in	 10	mL	 chloroform	was	 added	
2,2,2‐trinitroethanol	 (390	mg,	2.2	mmol)	and	a	catalytic	amount	of	 aluminum(III)	 chloride	
and	 the	 reaction	mixture	 was	 refluxed	 for	 5	h.	 After	 cooling	 to	 ambient	 temperature	 the	
organic	phase	was	washed	with	hydrochloric	acid	(10	mL,	2	M)	and	water	(2	×	10	mL),	dried	
with	magnesium	sulfate	and	the	organic	solvent	was	removed	in	vacuo.	The	residual	yellow	
oil	was	dissolved	 in	 acetic	 anhydride	 (8	mL)	 and	 cooled	 to	 0	°C.	Nitric	 acid	 (8	mL,	 100%)	
was	added	slowly	and	the	reaction	mixture	was	stirred	at	20	°C	for	2	h	before	quenching	on	
crushed	 ice.	A	 colorless	 solid	precipitated,	which	was	 filtered	 off,	washed	with	water	 and	





1H	 NMR	 ([D6]acetone):	 δ	 =	 6.15	 (s,	 2H,	 CH2C(NO2)3),	 5.97	 (s,	 2H,	 CH2C(NO2)3);	 A2B2	
spectrum:	δA	=	4.65,	δB	=	4.40	ppm,	JAB	=	5.6	Hz,	C(O)CH2CH2N.	13C{1H}	NMR	([D6]acetone):	δ	
=	149.3	(C(O)),	124.6	(C(NO2)3),	64.4	(CH2),	56.0	(CH2),	53.0	(CH2),	47.8	(CH2)	ppm.	14N	NMR	

















phase	 was	 separated.	 The	 aqueous	 solution	 was	 again	 extracted	 with	 diethyl	 ether	 (2	 ×	
20	mL),	 the	 combined	organic	phases	were	dried	with	magnesium	sulfate	and	 the	 solvent	
was	removed	in	vacuo.	The	residual	oil	was	dissolved	in	30	mL	acetic	anhydride	and	cooled	
to	0	°C.	Nitric	acid	(15	mL,	100%)	was	added	at	0–10	°C	and	the	solution	was	stirred	at	0	°C	
for	 1	h	 before	 quenching	 on	 crushed	 ice.	 The	 reaction	 mixture	 was	 extracted	 with	
chloroform	(2	×	50	mL),	the	combined	organic	phases	were	dried	with	magnesium	sulfate,	
and	the	solvent	was	removed	in	vacuo.	The	remaining	colorless	solid	was	dissolved	in	acetic	
acid	 (170	mL)	 and	 concentrated	 hydrochloric	 acid	 (380	mL)	 and	 refluxed	 for	 15	h.	 The	
solvent	was	removed	on	the	rotary	evaporator	leaving	a	precipitate	which	was	washed	with	















2954	 (84),	1733	 (16),	1675	 (21),	1661	 (26),	1620	 (37),	1601	 (25),	1577	 (18),	1556	 (15),	






The	 aspartic	 acid	 6	 (500	mg,	 1.5	mmol)	 and	 phosphorus(V)	 chloride	 (763	mg,	 3.7	mmol)	
were	 mixed	 under	 inert	 atmosphere	 and	 stirred	 at	 40	°C	 for	 2.5	h.	 After	 no	 further	 gas	
evolution	 was	 observed	 chloroform	 (10	mL)	 was	 added	 and	 insoluble	 residues	 were	
removed	using	 Schlenk	 technique.	After	 removing	 chloroform	and	phosphoryl	 chloride	 in	
vacuo	a	colorless	solid	was	obtained,	which	was	recrystallized	from	a	mixture	of	chloroform	





69.5	 (CN),	55.1	 (CH2),	46.5	 (CH2)	ppm.	 14N	NMR	(CDCl3):	δ	=	–35	 (C(NO2)3),	 –38	 (N(NO2))	

















and	 the	 reaction	mixture	 was	 refluxed	 for	 5	h.	 After	 cooling	 to	 ambient	 temperature	 the	
solvent	was	 removed	 in	 vacuo	 and	water	was	 added	 to	 the	 residual	 oil.	 A	 colorless	 solid	





C(O)CH2,	δX	=	5.41	ppm,	CH,	 JAB	=	18.0,	 JAX	=	6.8,	 3JBX	=	5.6	Hz.	 13C	NMR	([D6]acetone):	δ	=	
169.5	(C(O)OCH2,	tdt,	0JCH	=	7.9,	3JCH	=	4.6,	3JCH	=	2.7	Hz,	168.1	(C(O)OH,	dt,	2JCH	=	8.4,	3JCH	=	
3.4,	 3JCH	=	4.0	Hz),	125.1	 (C(NO2)3,	m),	63.3	 (CH,	dm,	 1JCH	=	138.3	Hz),	62.0	 (OCH2,	 t,	 1JCH	=	
160.0	Hz),	55.7	(NCH2,	td,	1JCH=	151.7,	3JCH	=	2.7	Hz),	34.5	(CH2,	ddd,	1JCH	=	132.7,	2JCH	=	132.7	
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New	 energetic	 compounds	 have	 been	 synthesized	 starting	 from	 the	 readily	 available	 N‐
(cyanomethyl)‐N‐methylamine.	 From	 this,	 N‐nitrosarcosine	 was	 prepared	 in	 few	 steps,	
which	 serves	 as	 a	 starting	 material	 for	 the	 synthesis	 of	 oxygen‐rich	 compounds.	 The	
compounds	 were	 thoroughly	 characterized	 including	 multinuclear	 NMR	 and	 vibrational	
spectroscopy	and	also	molecular	structures	by	single	X‐ray	diffraction	were	obtained.	Their	
energetic	 properties	 were	 determined	 including	 the	 sensitivities	 towards	 impact	 and	
friction,	 their	 heat	 of	 formations	 were	 calculated	 and	 the	 detonation	 and	 combustion	
parameters	were	predicted	using	EXPLO5	V6.02.	
7.2 Introduction 
2‐(Methylamino)acetic	 acid,	 also	 known	 as	 sarcosine,	 is	 a	 naturally	 occurring	 non‐
proteinogenic	amino	acid	derived	from	glycine.	It	is	found	in	muscles	and	other	body	tissue	




manufacturing	 biodegradable	 surfactants	 or	 toothpaste[4]	 and	 in	 synthesis	 of	 azo	
compounds	for	colorants[5].	
Several	energetic	materials	have	been	synthesized	containing	the	similar	building	block,	
for	 example	 2‐nitro‐2‐azapropyl	 chloride	 (NAP‐Cl).[6]	 However,	 to	 the	 best	 of	 our	
knowledge,	 no	 studies	 are	 reported	 employing	 the	 low	 priced	 and	 easy	 to	 synthesize	
starting	material	sarcosine	or	its	nitrated	form[7]	in	the	formation	of	energetic	materials.	In	
the	 recent	past	 our	own	 studies	have	 involved	 some	 amino	 acids	 such	 as	 glycine,	 alanine	
and	aspartic	acid	as	starting	materials	for	potential	energetic	materials.[8]	
Especially	 in	 the	 field	 of	 high‐energy	 dense	 oxidizers	 (HEDOs)	 there	 is	 necessity	 for	
replacing	 the	currently	used	oxidizer	ammonium	perchlorate	 (AP).	Although	AP	has	some	
advantages	such	as	easy	synthesis,	high	oxygen	content,	density	and	specific	impulse,	it	has	
also	 been	 shown	 that	AP	 has	 several	 drawbacks.	During	 its	 combustion	 large	 amounts	 of	
hydrogen	 chloride	 fumes	 are	 formed	 causing	 environmentally	 problems	 like	 acid	 rain.[9]	





are	 also	health	 risks	 caused	by	 the	perchlorate	 anion	 leading	 to	 growth	disturbances	 and	
thyroid	diseases	in	vertebrates.[11]	However,	the	main	problem	is	the	incompatibility	of	AP	
with	 the	 binder	 system	 in	 solid	 rocket	 compositions	 at	 temperatures	 sufficiently	 high	 to	
initiate	 the	 decomposition	 of	 AP.	 Slow	 cook‐off	 tests	 show	 the	 formation	 of	 acidic	 side‐
products	 which	 are	 leading	 to	 cracks	 and	 cavities	 in	 the	 composite	 and	 which	 in	 turn	
negatively	affect	the	performance	of	rocket	propellants.[9a]	
For	 a	 potential	 replacement	 of	AP,	 several	 requirements	 have	 to	 be	 fulfilled.	 The	most	
important	 criteria	 are	 as	 easy	 as	 possible	 synthesis,	 high	 density	 and	 a	 specific	 impulse	
comparable	 to	 ammonium	 perchlorate.[12]	 The	 compounds	 currently	 investigated	 as	





In	 this	 contribution	 N‐(cyanomethyl)‐N‐methylnitramine	 is	 employed	 as	 the	 starting	
material	for	the	synthesis	of	new	halogen‐free	HEDOs.	N‐(Cyanomethyl)‐N‐methylnitramine	
is	 readily	 available	 starting	 from	 sodium	 cyanide,	 formaldehyde	 and	 methylamine	






was	 either	 reacted	 with	 hydrogen	 chloride	 gas	 and	 methanol	 to	 obtain	 N‐methyl‐N‐
















sensitive	 N‐methyl‐N‐nitroglycinoyl	 azide	 (6)	 was	 obtained	 by	 reacting	 4	 with	 in	 situ	
generated	nitrous	acid	(Scheme	7.2).	The	carbonyl	azide	6	can	be	reacted	with	TNE	to	give	
2,2,2‐trinitroethyl	 ((methylnitramino)methyl)carbamate	 (7).	 This	 carbamate	 7	 has	
previously	 been	 synthesized	 by	 reacting	 2‐nitro‐2‐azapropyl	 chloride	 (NAP‐Cl)	 and	 silver	
cyanate.[6c]	 However,	 here	 a	 quite	 simple	 and	 convenient	 alternative	 route	 is	 given	 by	
generating	 the	 corresponding	 isocyanate	 from	 6,	 and	 subsequent	 reaction	 with	 TNE	 to	
result	in	81%	yield	of	7.	
Chlorination	of	N‐nitrosarcosine	(3)	with	oxalyl	chloride	gave	the	corresponding	reactive	
acyl	 chloride	 N‐methyl‐N‐nitroglycinoyl	 chloride	 (8),	 with	 DMF	 added	 as	 catalyst.	 The	
reaction	 of	8	with	 hydrazine	 in	 chloroform	 resulted	 in	 the	 formation	 of	 the	 symmetrical	
bis(N‐methyl‐N‐nitroglycinoyl)	hydrazide	(9).	With	TNE	the	acyl	chloride	8	was	converted	
into	 the	 2,2,2‐trinitroethyl	 N‐methyl‐N‐nitroglycinate	 (10),	 whereas	 addition	 of	 aqueous	
ammonia	 furnished	2‐(methylnitramino)acetamide	(11).	The	amide	11	was	either	reacted	











(4),	 [D3]acetonitrile	 (5),	 or	 [D6]DMSO	 (9).	 The	 resonances	of	 the	methyl	 groups	 in	 the	 1H	
NMR	 spectra	 are	 found	 at	 approximately	 δ	 =	 3.45	ppm,	 those	 of	 the	 methylene	 groups	
downfield	 at	 to	 δ	 =	 5.17–4.33	ppm.	 The	 methylene	 moieties	 are	 generally	 observed	 as	
singlets,	except	for	7	which	is	split	into	a	doublet	with	a	coupling	constant	of	6.4	Hz	due	to	
the	neighboring	carbamate	hydrogen.	For	compounds	7,	10,	 and	12	singlets	are	observed	
for	 the	 protons	 of	 the	 trinitroethyl	 units	 in	 the	 small	 range	 δ	 =	 5.96–5.82	ppm.	 The	
resonance	 of	 the	 trinitroethyl	 moiety	 of	 compound	 5	 is	 split	 into	 a	 doublet	 due	 to	 the	
hydrazine	hydrogen	with	6.0	Hz	and	is	slightly	shifted	upfield	to	δ	=	4.55	ppm.	
In	 the	 13C	NMR	spectra	 the	resonances	of	 the	carbon	atoms	of	 the	carbonyl	groups	are	
observed	in	the	typical	range	δ	=	173.8–150.7	ppm.	The	resonances	of	the	methyl	groups	are	
detected	 at	 approximately	 δ	 =	 40	ppm,	 while	 those	 of	 the	 methylene	 groups	 next	 to	 the	
nitramine	 are	 observed	 between	 δ	 =	 61.6–40.9	ppm.	 Owing	 to	 the	 electron	 withdrawing	
effect	 of	 the	 oxygen	 next	 to	 the	 methylene	 carbon	 atoms	 of	 the	 trinitroethyl	 units	 the	
resonances	 are	 shifted	 downfield	 to	 δ	=	 62	ppm.	 The	 carbon	 atoms	 of	 the	 trinitromethyl	
moieties	are	detected	as	usually	as	broadened	signals	at	δ	=	125	ppm.	









Furthermore	 all	 compounds	 were	 characterized	 by	 IR	 and	 Raman	 spectroscopy.	 For	
compounds	 4,	 5,	 7,	 9,	 11,	 12,	 and	 13	 weak	 to	 medium	 peaks	 assigned	 to	 the	 NH/NH2	
stretching	 vibrations	 are	 observed	 in	 the	 range	 of	 3387–3195	cm−1.	 The	 asymmetric	




the	 IR	 spectra.	 Additional	 strong	 signals	 are	 observed	 for	 the	 nitro	 groups	 of	 the	
trinitromethyl	 moiety	 of	 compounds	 5,	 7,	 10,	 and	 11,	 which	 are	 shifted	 to	 higher	
frequencies	 (1601–1588	cm−1	 in	 the	 IR).[16]	 However	 only	 weak	 signals	 are	 found	 in	 this	
region	 in	 the	 Raman	 spectra.	 The	 symmetric	 NO2	 stretching	 vibrations	 appear	 as	 strong	
signals	 in	 the	 range	 of	 1308–1260	cm−1	 in	 the	 IR	 and	 Raman	 spectra.[16]	 In	 the	 Raman	
spectra	 for	all	discussed	nitro	compounds	a	very	 strong	peak	 is	observed	 in	 the	region	of	





(4),	 chloroform	 (6	 and	 8),	 water	 (9),	 ethyl	 acetate	 (11),	 1,2‐dichloroethane	 (12),	 and	
dichloromethane	(13).	For	all	compounds	structural	data	as	well	as	refinement	parameters	
of	the	measurements	are	compiled	in	Table	7.1.	
Compounds	 1	 and	 3	 crystallize	 in	 the	 monoclinic	 space	 group	 P21/c	 each	 with	 four	
molecules	in	the	unit	cell	and	one	molecule	as	asymmetric	unit.	As	depicted	in	Figure	7.1	the	














	 1	 3	 4	 6	 8	
formula	 C3H5N3O2	 C3H6N2O4	 C3H8N4O3	 C3H5N5O3	 C3H5N2O3Cl	
formula	weight	[g	mol–1]	 115.09	 134.10	 148.12	 159.11	 153.54	
temperature	[K]	 123	 123	 173	 173	 123	
crystal	system	 monoclinic	 monoclinic	 monoclinic	 monoclinic	 monoclinic	
space	group	(No.)	 P21/c	(14)	 P21/c	(14)	 P21/c	(14)	 P21/c	(14)	 P21/n	(14)	
a	[Å]	 6.0991(7)	 5.8782(3)	 10.8689(12)	 11.4947(8)	 9.3803(6)	
b	[Å]	 16.8867(14)	 9.1488(5)	 6.0536(5)	 5.5082(3)	 5.0836(3)	
c	[Å]	 5.5884(7)	 10.2741(5)	 9.7660(8)	 10.8210(7)	 13.0278(7)	
α	[°]	 90	 90	 90	 90	 90	
β	[°]	 117.146(15)	 93.968(4)	 100.440(9)	 105.170(7)	 97.423(6)	
γ	[°]	 90	 90	 90	 90	 90	
V	[Å3]	 512.17(11)	 551.20(5)	 631.93(10)	 661.26(8)	 616.03(6)	
Z	 4	 4	 4	 4	 4	
ρcalc.	[g	cm–3]	 1.493	 1.616	 1.557	 1.598	 1.645	
μ	[mm–1]	 0.126	 0.151	 0.136	 0.141	 0.553	
F(000)	 240	 280	 312	 328	 312	
crystal	habit	 colorless	needle	 colorless	plate	 colorless	block	 colorless	plate	 colorless	block	
crystal	size	[mm]	 0.38x0.05x0.05	 0.28x0.23x0.05	 0.15x0.14x0.10	 0.19x0.12x0.14	 0.40x0.40x0.40	
	range	[°]	 4.71–31.49	 4.55–32.14	 4.59–27.59	 4.72–27.98	 4.72–31.88	
index	ranges	 –7	≤	h	≤	6	 –7	≤	h	≤	6	 –13	≤	h	≤	13	 –14	≤	h	≤	14	 –11	≤	h	≤	11	
	 –20	≤	k	≤	21	 –11	≤	k	≤	11	 –7	≤	k	≤	6	 –6	≤	k	≤	6	 –6	≤	k	≤	5	
	 –6	≤	l	≤	6	 –12	≤	l	≤	12	 –12	≤	l	≤	12	 –7	≤	l	≤	13	 –16	≤	l	≤	16	
reflections	measured	 3726	 4028	 3982	 4040	 4529	
reflections	independent	 1039	 1129	 1297	 1287	 1262	
reflections	unique	 905	 997	 967	 1028	 1123	
Rint	 0.0239	 0.0208	 0.0337	 0.0311	 0.0203	
R1,	wR2	(2σ	data)	 0.0306,	0.0356	 0.0284,	0.0334	 0.0385,	0.0585	 0.0392,	0.0521	 0.0246,	0.0285	
R1,	wR2	(all	data)	 0.0767,	0.0799	 0.0726,	0.0758	 0.0909,	0.1044	 0.0911,	0.1005	 0.0621,	0.0637	
data/restraints/parameters	 1039/0/93	 1129/0/106	 1297/0/123	 1287/0/103	 1262/0/102	
GOOF	on	F2	 1.056	 1.067	 1.072	 1.052	 1.082	
residual	el.	density	[e	Å−3]	 –0.247/0.138	 –0.184/0.249	 –0.230/0.221	 –0.280/0.216	 –0.229/0.269	






	 9	 11	 12	 13	
formula	 C6H12N6O6	 C3H7N3O3	 C6H8N6O11	 C3H6N4O5	
formula	weight	[g	mol–1]	 264.20	 133.12	 340.16	 178.10	
temperature	[K]	 123	 123	 123	 100	
crystal	system	 triclinic	 monoclinic	 monoclinic	 orthorhombic	
space	group	(No.)	 P−1	(2)	 P21/n	(14)	 P21/c	(14)	 Fdd2	(43)	
a	[Å]	 6.3435(4)	 4.8748(5)	 12.6522(12)	 18.0701	
b	[Å]	 8.6488(8)	 11.0812(11)	 9.2288(5)	 31.2233(17)	
c	[Å]	 10.5766(9)	 11.1178(12)	 11.6546(8)	 4.8664(3)	
α	[°]	 99.172(7)	 90	 90	 90	
β	[°]	 91.181(6)	 96.203(9)	 108.379(9)	 90	
γ	[°]	 105.107(7)	 90	 90	 90	
V	[Å3]	 551.88(8)	 597.05(11)	 1291.43(18)	 2745.7(3)	
Z	 2	 4	 4	 16	
ρcalc.	[g	cm–3]	 1.590	 1.481	 1.750	 1.724	
μ	[mm–1]	 0.141	 0.131	 0.170	 0.163	
F(000)	 276	 280	 696	 1472	
crystal	habit	 colorless	plate	 colorless	needle	 colorless	block	 colorless	rod	
crystal	size	[mm]	 0.25x0.10x0.02	 0.40x0.18x0.18	 0.35x0.30x0.10	 0.25x0.20x0.15	
	range	[°]	 4.96–31.08	 4.77–31.01	 4.51–27.76	 3.45–26.33	
index	ranges	 –7	≤	h	≤	7	 –5	≤	h	≤	6	 –15	≤	h	≤	14	 –22	≤	h	≤	22	
	 –10	≤	k	≤	10	 –11	≤	k	≤	13	 –10	≤	k	≤	11	 –38	≤	k	≤	35	
	 –13	≤	l	≤	12	 –13	≤	l	≤	13	 –14	≤	l	≤	13	 –5	≤	l	≤	6	
reflections	measured	 4196	 4373	 8926	 7830	
reflections	independent	 2233	 1201	 2642	 1367	
reflections	unique	 1725	 987	 1964	 1317	
Rint	 0.0286	 0.0288	 0.0421	 0.0415	
R1,	wR2	(2σ	data)	 0.0385,	0.0562	 0.0347,	0.0452	 0.0403,	0.0623	 0.0569,	0.0598	
R1,	wR2	(all	data)	 0.0894,	0.0996	 0.0860,	0.0939	 0.0890,	0.1021	 0.1137,	0.1160	
data/restraints/parameters	 2233/0/211	 1201/0/110	 2642/0/240	 1367/1/123	
GOOF	on	F2	 1.020	 1.075	 1.048	 1.105	
residual	el.	density	[e	Å−3]	 –0.222/0.258	 –0.254/0.163	 −0.253/0.261	 –0.567/0.627	







Figure	7.1	Molecular	 structure	 of	1.	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [°]:	 C1‒C2	
1.478(2),	 C1‒N1	1.139(2),	 C2‒N2	1.448(1),	 C3‒N2	1.446(2),	N2‒N3	1.343(2),	N3‒O1	
1.236(2),	 N3‒O2	 1.229(1),	 C2‒C1‒N1	 178.5(1),	 C2‒N2‒C3	 123.7(1),	 C2‒N2‒N3	
118.1(1),	C3‒N2‒N3	118.0(1),	C2‒N2‒N3‒O2	−178.9(1).	
Figure	 7.2	 shows	 two	 molecules	 of	 the	 carboxylic	 acid	 3.	 The	 dimeric	 structure	 is	
stabilized	by	hydrogen	bonds	between	the	carboxylic	moieties	which	form	an	almost	planar	




Figure	7.2	 Molecular	 structure	 of	3.	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [°]:C1‒C2	
1.513(2),	 C1‒O1	 1.314(2),	 C1‒O2	 1.217(1),	 C2‒N1	 1.447(2),	 C3‒N1	 1.462(2),	 N1‒N2	
1.359(1),	 N2‒O3	 1.239(1),	 N2‒O4	 1.227(1),	 O1‒H1	 0.89(2),	 O1‒C1‒O2	 125.4(1),	
C1‒O1‒H21	107(1),	C3‒N1‒N2	116.19(9),	O1‒C1‒C2‒N1	−178.7(1).	
Compounds	4,	6,	 and	8,	 pictured	 in	Figure	7.3,	 also	 crystallize	 in	 the	monoclinic	 space	
groups	P21/c	(4	and	6)	or	P21/n	(8)	with	four	molecules	in	the	unit	cell	and	one	molecule	as	
asymmetric	 unit.	 Their	 calculated	 densities	 are	 with	 values	 of	 1.557	g	cm−3	 (4)	 and	
1.598	g	cm−3	(6)	rather	low.	Only	for	the	carbonyl	chloride	8	the	density	increases	slightly	to	
1.645	g	cm−3.	 The	 structures	 are	 quite	 similar	 to	 the	 nitrile	 1	 with	 a	 trigonal	 planar	







angles	 [°]	 of	 a:	 C1‒C2	 1.518(3),	 C1‒N1	 1.319(2),	 C1‒O1	 1.233(2),	 C2‒N3	 1.445(2),	
C3‒N3	1.457(2),	N1‒N2	1.409(2),	N3‒N4	1.343(2),	N4‒O2	1.236(2),	N4‒O3	1.232(2),	
C1‒N1‒N2	123.5(1),	C2‒C1‒N1‒N2	178.2(2).	Selected	bond	lengths	[Å]	and	angles	[°]	
of	 b:	 O1‒C1	 1.195(2),	 O2‒N5	 1.240(2),	 O3‒N5	 1.229(2),	 N1‒N2	 1.262(2),	 N1‒C1	
1.416(3),	 N2‒N3	 1.110(3),	 N4‒N5	 1.341(2),	 N4‒C2	 1.443(3),	 N4‒C3	 1.450(2),	 C1‒C2	
1.507(3),	 N1‒N2‒N3	 175.4(2),	 O1‒C1‒N1	 124.6(2),	 O1‒C1‒C2	 126.0(2),	 N1‒C1‒C2	
109.4(1),	N1‒C1‒C2‒N4	−176.8(1).	Selected	bond	lengths	[Å]	and	angles	[°]	of	c:	Cl1‒C1	
1.779(1),	O3‒N2	1.233(1),	 O1‒C1	1.178(1),	O2‒N2	1.236(1),	N1‒N2	1.341(1),	N1‒C3	
1.454(2),	 N1‒C2	 1.437(2),	 C2‒C1	 1.508(2),	 Cl1‒C1‒O1	 121.37(9),	 N1‒C2‒C1‒Cl1	
174.81(9).	
azide	 group	 of	 the	 carbonyl	 azide	 6	 shows	 an	 angle	 of	 175.42°	 (N1‒N2‒N3)	 which	 is	
common	 for	 covalent	 azides.[8a,19]	 The	 distances	 between	 the	 nitrogen	 atoms	 are	 1.262	Å	
(N1‒N2)	 and	 1.110	Å	 (N2‒N3)	 and	 therefore	 are	 in	 the	 range	 of	 typical	 N‒N	 double	 and	
triple	bonds,	respectively.	
The	molecular	structure	of	the	hydrazide	9,	which	crystallizes	in	the	triclinic	space	group	








Figure	7.4	Molecular	 structure	 of	9.	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [°]:	 C1‒C2	
1.524(3),	 C1‒N1	 1.325(2),	 C1‒O1	 1.232(2),	 C2‒N2	 1.444(2),	 C3‒N2	 1.459(2),	 N1‒N1	
1.392(2),	 N2‒N3	 1.358(2),	 N3‒O2	 1.236(2),	 N3‒O3	 1.232(2),	 C1‒C2	 1.524(3),	 C1‒N1	
1.325(2),	 C1‒O1	 1.232(2),	 C2‒N2	 1.444(2),	 C3‒N2	 1.459(2),	 N2‒N3	 1.358(2),	 N3‒O2	





and	 carboxyl	 units	 with	 donor	 acceptor	 distances	 of	 2.777	Å	 (N1‒H1···O4)	 and	 2.838	Å	
(N4‒H7···O1).[18]	
The	amide	11	and	carbamate	12	 crystallize	 in	 the	monoclinic	space	groups	P21/n	(11)	
and	P21/c	 (12)	with	 four	molecules	 in	 the	unit	 cell	 and	one	molecule	 as	asymmetric	unit.	







1.526(2),	 C1‒N1	 1.323(2),	 C1‒O1	 1.234(2),	 C2‒N2	 1.449(2),	 C2‒H3	 0.95(2),	 C3‒N2	
1.457(2),	 C3‒H5	 0.97(2),	 N2‒N3	 1.351(2),	 N3‒O2	 1.236(2),	 N3‒O3	 1.235(2),	
N1‒C1‒C2‒N2	176.2(1),	C2‒N2‒N3‒O2	16.2(2).	
Figure	 7.6	 depicts	 the	 molecular	 structure	 of	 the	 carbamate	 12.	 Next	 to	 the	 planar	





second	 molecule	 is	 found	 with	 a	 donor	 acceptor	 distance	 of	 2.886	Å	 and	 an	 angle	 of	
160.85°.[18]	The	second	molecule	is	rotated	by	180°	in	such	manner	that	an	eight‐membered	
ring	 is	 formed	 between	 the	 amine	 N3‒H6	 and	 the	 carbonyl	 C3‒O3	 units.	 The	 typical	
propeller‐like	geometry	of	the	three	nitro	groups	surrounding	the	carbon	C6	is	found	for	the	
trinitromethyl	moiety.	The	structure	is	stabilized	by	non‐bonding	intramolecular	attractions	








1.453(3),	 C2‒C3	 1.519(3),	 C2‒N1	 1.447(2),	 C3‒N3	 1.369(2),	 C3‒O3	 1.219(2),	 C4‒N3	
1.372(2),	 C4‒O4	 1.197(2),	 C4‒O5	 1.365(2),	 C5‒C6	 1.515(3),	 C5‒O5	 1.424(2),	 C6‒N4	
1.515(3),	 C6‒N5	1.514(2),	 C6‒N6	1.526(2),	N1‒N2	1.343(3),	N2‒O1	1.244(2),	N2‒O2	
1.228(2),	N4‒O6	1.219(2),	N4‒O7	1.209(2),	N5‒O8	1.215(3),	N5‒O9	1.215(2),	N6‒O10	
1.211(3),	 N6‒O11	 1.211(3),	 N3‒H3	 0.84(3),	 N1‒C2‒C3‒N3	 162.3(2),	 C2‒C3‒N3‒C4	
3.1(3),	N3‒C4‒O5‒C5	166.0(2).	
The	 nitroacetamide	 13	 crystallizes	 in	 the	 orthorhombic	 space	 group	 Fdd2	 with	 16	
molecules	 in	 the	 unit	 cell	 and	 a	 calculated	 density	 of	 1.724	g	cm−3	 at	 −173	°C.	 The	
asymmetric	 unit	 of	13	 is	depicted	 in	Figure	7.7.	The	 crystal	 structure	was	 refined	 as	 a	2‐	
component	 inversion	 twin	 having	 an	 increased	 undissolved	 electron	 density	 around	 the	
nitramine	moiety.	This	resulted	in	flattening	of	the	N4	nitro	group	ellipsoids.	Similar	to	the	
hydrazide	9,	the	molecule	adopts	a	planar	staggered	conformation	including	the	nitro	group	





1.394(5),	 N1‒C1	 1.381(5),	 N3‒N4	 1.343(6),	 N3‒C2	 1.452(6),	 N3‒C3	 1.451(7),	 C1‒C2	






For	 the	 compounds	 with	 energetic	 potential,	 physical	 and	 energetic	 properties	 were	
determined	and	 the	data	 are	 summarized	 in	Table	7.2.	Thermal	 stabilities	were	 tested	by	
differential	 scanning	 calorimetry	 (DSC)	 with	 a	 heating	 rate	 of	 5	°C	min−1.	 The	 lowest	
decomposition	temperature	with	a	value	of	56	°C	was	found	for	the	carbonyl	azide	6,	which	
is	common	for	this	class	of	compounds	due	to	a	Curtius	rearrangement	of	the	carbonyl	azide	
to	 the	 corresponding	 isocyanate.	 The	 hydrazide	 compounds	 4	 and	 5	 also	 showed	 low	
decomposition	temperatures	of	116	(4)	and	108	°C	(5).	However,	 the	hydrazide	9	has	 the	
highest	 decomposition	 temperature	 of	 all	 herein	 discussed	 compounds.	 For	 all	 other	










For	 the	 use	 as	 energetic	 materials,	 the	 nitrogen	 and	 oxygen	 contents	 are	 important	
parameters.	Most	compounds	exceed	a	nitrogen	and	oxygen	content	of	65%.	Especially	the	
compounds	 containing	 a	 trinitroethyl	moiety	 (5,	10,	 and	12)	 as	well	 as	 the	 nitramine	13	





by	CBS‐4M	ab	 initio	 calculations	were	used,	 and	 the	data	 are	 compiled	 in	Table	 7.3.	High	
heats	 of	 formation	 as	well	 as	 high	 room	 temperature	 densities	 are	 crucial	 parameters	 to	
achieve	 satisfying	 detonation	 velocities	 and	 pressures.	 Best	 results	 were	 obtained	 for	
hydrazide	 5	 with	 a	 detonation	 velocity	 of	 8304	ms−1	 which	 is	 in	 the	 range	 of	 PETN.[24]	







	 1	 3	 4	 5	 6	
formula	 C3H5N3O2	 C3H6N2O4	 C3H8N4O3	 C5H9N7O9	 C3H5N5O3	
MW	[g	mol−1]	 115.09	 134.09	 148.12	 311.17	 159.11	
Tm	[°C]	(onset)[a]	 ‐	 92	 ‐	 ‐	 ‐	
Tdec	[°C]	(onset)[b]	 193	 153	 116	 108	 56	
IS	[J][c]	 >	40	 >	40	 >	40	 9	 4	
FS	[N][d]	 >	360	 >	360	 288	 240	 54	
ESD	[J][e]	 1.50	 1.50	 1.50	 0.30	 0.15	
N	[%][f]	 36.5	 20.9	 37.8	 31.5	 44.0	
O	[%][g]	 27.8	 47.7	 32.4	 46.3	 30.2	
N	+	O	[%][h]	 64.3	 48.6	 70.2	 77.8	 74.2	
ΩCO	[%][i]	 −48.7	 −23.9	 −43.2	 −2.6	 −25.1	
ΩCO2	[%][j]	 −90.4	 −59.7	 −75.6	 −28.3	 −55.3	
	
	 9	 10	 11	 12	 13	
formula	 C6H12N6O6	 C5H7N5O10	 C3H7N3O3	 C6H8N6O11	 C3H6N4O5	
MW	[g	mol−1]	 264.20	 297.14	 133.11	 340.16	 178.10	
Tm	[°C]	(onset)[a]	 ‐	 108	 116	 ‐	 ‐	
Tdec	[°C]	(onset)[b]	 201	 178	 186	 150	 113	
IS	[J][c]	 25	 20	 >	40	 10	 >	40	
FS	[N][d]	 240	 >	360	 >	360	 >	360	 >	360	
ESD	[J][e]	 0.35	 0.30	 0.70	 0.60	 0.60	
N	[%][f]	 31.8	 23.6	 31.6	 24.7	 31.5	
O	[%][g]	 36.3	 53.8	 36.1	 51.7	 44.9	
N	+	O	[%][h]	 68.1	 77.4	 67.7	 76.4	 76.4	
ΩCO	[%][i]	 −36.3	 8.1	 −42.1	 4.7	 −9.0	
ΩCO2	[%][j]	 −72.7	 −18.8	 −78.1	 −23.5	 −35.9	
[a]	Melting	and	[b]	decomposition	temperature	determined	by	DSC	measurement	carried	out	at	a	heating	rate	of	5	°C	









	 1	 3	 4	 5	 6	
formula	 C3H5N3O2	 C3H6N2O4	 C3H8N4O3	 C5H9N7O9	 C3H5N5O3	
density	RT	[a]	 1.46	 1.58	 1.53	 1.72	 1.57	
ΔfHm°	/kJ	mol−1	[b]	 73.6	 −449.3	 −151.8	 −137.6	 109.4	
ΔfU°	/kJ	kg−1	[c]	 747.4	 −3240.1	 −899.3	 −342.6	 788.9	
Qv	/kJ	kg−1	[d]	 −4911	 −3461	 −4111	 −5494	 −4952	
Tex	/K	[e]	 3092	 2455	 2604	 3660	 3366	
V0	/L	kg−1	[f]	 846	 824	 912	 780	 817	
PCJ	/kbar	[g]	 171	 168	 194	 293	 213	
Vdet	/m	s−1	[h]	 7151	 6961	 7669	 8304	 7670	
Is	/s	[i]	 215	 185	 202	 254	 221	
Is	/s	(15%	Al)	[j]	 245	 225	 245	 272	 248	
Is	/s	(15%	Al,	14%	binder)[k]	 237	 216	 234	 252	 239	
	
	 9	 10	 11	 12	 13	
formula	 C6H12N6O6	 C5H7N5O10	 C3H7N3O3	 C6H8N6O11	 C3H6N4O5	
density	RT	[a]	 1.55	 1.48	 1.44	 1.71	 1.67	
ΔfHm°	/kJ	mol−1	[b]	 −317.0	 −401.4	 −267.8	 −590.0	 −168.7	
ΔfU°	/kJ	kg−1	[c]	 −1087.3	 −1259.0	 −1890.7	 −1643.5	 −842.6	
Qv	/kJ	kg−1	[d]	 −4257	 −5075	 −3569	 −4744	 −5040	
Tex	/K	[e]	 2794	 3810	 2422	 3408	 3358	
V0	/L	kg−1	[f]	 841	 808	 884	 738	 815	
PCJ	/kbar	[g]	 181	 205	 142	 258	 256	
Vdet	/m	s−1	[h]	 7276	 7286	 6729	 7835	 8033	
Is	/s	[i]	 200	 253	 190	 237	 237	
Is	/s	(15%	Al)	[j]	 243	 271	 233	 257	 265	
Is	/s	(15%	Al,	14%	binder)[k]	 232	 249	 222	 242	 247	
[a]	RT	densities	are	recalculated	from	X‐ray	densities	or	experimentally	determined	by	pycnometer	measurements.	[b]	
Enthalpy	and	 [c]	 energy	of	 formation	 calculated	by	 the	CBS‐4M	method	using	Gaussian	09.	 [d]	Heat	of	 explosion,	 [e]	
explosion	temperature,	[f]	volume	of	gaseous	products,	[g]	detonation	pressure	and	[h]	detonation	velocity	calculated	
by	using	the	EXPLO5	V6.02	code.[21]	[i]	Specific	impulse	for	the	neat	compound	using	the	EXPLO5	V6.02	code	(70.0	bar	
chamber	 pressure,	 isobaric	 combustion	 conditions	 (1	bar),	 equilibrium	 expansion).[21]	 [j]	 Specific	 impulse	 for	
compositions	 with	 85%	 oxidizer/compound	 and	 15%	 aluminum	 (70.0	bar	 chamber	 pressure,	 isobaric	 combustion	







For	 application	 as	 oxidizer	 in	 solid	 rocket	 composites,	 a	 positive	 oxygen	 balance	 is	
required.	 However,	 when	 calculating	 the	 specific	 impulses	 (Is)	 for	 the	 neat	 compounds,	
values	 of	 254	s	 and	 253	s	 were	 achieved	 for	 hydrazide	5	 and	 the	 ester	10,	 although	 the	
oxygen	 balances	 are	 only	 slightly	 positive	 or	 even	 negative.	 Since	 the	 specific	 impulse	 is	
proportional	 to	 the	 square	 root	 of	 the	 ratio	 of	 the	 combustion	 temperature	 Tc	 and	 the	
average	molecular	mass	of	 the	 gaseous	 combustion	products,	 it	 is	 increased	when	adding	
aluminum	 as	 high‐performing	 fuel.[9a]	 High	 specific	 impulses	 were	 obtained	 in	 mixtures	
containing	 15%	 aluminum	 for	 compounds	 5	 (272	s)	 and	 10	 (271	s).	 However,	 when	
calculating	 as	 composite	 propellant	 in	 a	 mixture	 with	 71%	 oxidizer,	 15%	 aluminum	 and	
14%	 binder	 (6%	 polybutadiene	 acrylic	 acid,	 6%	 polybutadiene	 acrylonitrile	 and	 2%	
bisphenol	 A	 ether),	 the	 specific	 impulses	 decrease.	 Only	 the	 hydrazide	 5	 achieves	 a	
satisfying	specific	impulse	of	252	s	(AP	261	s).	
7.4 Conclusion 
Several	nitro‐containing	materials	were	 synthesized	starting	 from	 the	 readily	available	N‐
(cyanomethyl)‐N‐methylnitramine	 1.	 All	 compounds	 were	 thoroughly	 characterized	
including	 by	 NMR	 and	 vibrational	 spectroscopy,	 some	 with	 crystal	 structures,	 and	 their	
energetic	and	physical	properties	were	determined.	DSC	measurements	showed	quite	 low	
decomposition	 temperatures	 for	 the	 hydrazide	 compounds	 N‐methyl‐N‐nitroglycinoyl	
hydrazide	4	 and	N‐methyl‐N‐(2‐oxo‐2‐(2,2,2‐trinitroethyl)hydrazinyl)ethyl)nitramine	5,	 as	
well	 as	 for	N‐methyl‐N‐nitroglycinoyl	 azide	6,	 and	 2‐(methylnitramino)‐N‐nitroacetamide	
13,	whereas	 the	highest	decomposition	temperature	of	all	herein	measured	compounds	 is	
found	for	the	bis(N‐methyl‐N‐nitroglycinoyl)hydrazide	9	(Tdec	=	201	°C).	Special	care	should	
be	 taken	 when	 working	 with	 the	 azide	 6,	 since	 both	 impact	 and	 friction	 show	 high	
sensitivities.	
For	 the	 use	 as	 energetic	 materials,	 detonation	 and	 combustion	 parameters	 were	
predicted.	Best	detonation	velocity	was	achieved	for	hydrazide	5	with	a	value	of	8304	m	s−1,	
which	 is	 in	 the	 range	 of	 PETN.[24]	 However,	 the	 detonation	 pressure	 and	 decomposition	
temperature	 are	 too	 low	 for	 the	 use	 as	 secondary	 explosive.	 The	 trinitroethyl‐containing	
compounds	 5	 as	 well	 as	 10	 show	 high	 specific	 impulses	 for	 the	 neat	 compounds	 which	












All	 chemicals	were	 used	 as	 supplied	 (Sigma–Aldrich,	 Fluka,	 Acros	Organics),	 if	 not	 stated	








performed	 with	 an	 Elemental	 VarioEL	 Analyzer.	 Melting	 and	 decomposition	 points	 were	
measured	with	a	PerkinElmer	Pyris6	DSC	and	an	OZM	Research	DTA	552‐Ex	with	a	heating	
rate	of	5	°C	min−1	 in	a	 temperature	 range	of	15	 to	400	°C	and	checked	by	a	Büchi	Melting	
Point	B‐540	 apparatus	 (not	 corrected).	The	 sensitivity	data	were	performed	using	 a	BAM	
drophammer	and	a	BAM	friction	tester.[20,21]	
X‐ray Crystallography 
Crystals	 suitable	 for	 X‐ray	 crystallography	 were	 selected	 by	 means	 of	 a	 polarization	
microscope	 and	mounted	 on	 the	 tip	 of	 a	 glass	 fiber.	Measurements	were	 investigated	 on	
Oxford	 XCalibur3	 (1,	 3,	 4,	 6,	 8,	 9,	 11,	 and	 12)	 or	 on	 Bruker	 TXS	 D8	 Venture	 (13).	 The	
solution	of	 the	structure	was	performed	by	direct	methods	(SIR97)[25]	and	refined	by	 full‐
matrix	least‐squares	on	F2	(SHELXL)[26]	implemented	in	the	WINGX	software	package[27]	and	
finally	 checked	 with	 the	 PLATON	 software.[28]	 All	 non‐hydrogen	 atoms	 were	 refined	
anisotropically.	 The	 hydrogen	 atom	 positions	 were	 located	 in	 a	 difference	 Fourier	 map.	
ORTEP	plots	are	shown	with	thermal	ellipsoids	at	the	50%	probability	level.	
CCDC	1490177	(1),	1490184	(3),	1490178	(4),	1490179	(6),	1490183	(8),	1490180	(9),	
1490181	 (11),	 1490182	 (12),	 and	 1490185	 (13)	 contain	 the	 supplementary	







All	 ab	 initio	 calculations	 were	 carried	 out	 using	 the	 program	 package	 Gaussian	 09	 (Rev.	




and	 the	 energy	 is	 corrected	with	 the	 zero	 point	 vibrational	 energy.[31]	 The	 enthalpies	 (H)	
and	free	energies	(G)	were	calculated	using	the	complete	basis	set	(CBS)	method	in	order	to	
obtain	 accurate	 values.	 The	 CBS	models	 used	 the	 known	 asymptotic	 convergence	 of	 pair	
natural	 orbital	 expressions	 to	 extrapolate	 from	 calculations	 using	 a	 finite	 basis	 set	 to	 the	
estimated	 complete	 basis	 set	 limit.	 CBS‐4M	 starts	 with	 a	 HF/3‐21G(d)	 geometry	
optimization,	which	is	the	initial	guess	for	the	following	SCF	calculation	as	a	base	energy	and	
a	 final	MP2/6–31+G	 calculation	with	 a	 CBS	 extrapolation	 to	 correct	 the	 energy	 in	 second	
order.	 The	 used	 CBS‐4M	 method	 additionally	 implements	 a	 MP4(SDQ)/6‐31+(d,p)	




All	 calculations	 of	 the	 detonation	 parameters	 were	 performed	 with	 the	 EXPLO5	 V6.02	
program	package.[23,34]	The	detonation	parameters	were	calculated	at	the	Chapman–Jouguet	
(CJ)	 point	 with	 the	 aid	 of	 the	 steady‐state	 detonation	 model	 and	 a	 modified	 Becker–
Kistiakowski–Wilson	equation	of	state	to	model	the	system.	The	CJ	point	was	found	from	the	
Hugoniot	 curve	 of	 the	 system	 by	 its	 first	 derivative.	 The	 specific	 impulses	 were	 also	
calculated	 with	 the	 EXPLO5	 V6.02	 program	 for	 an	 assumed	 isobaric	 combustion	 of	 a	
composition	 of	 70%	 oxidizer,	 16%	 aluminum	 as	 fuel,	 6%	 polybutadiene	 acrylic	 acid,	 6%	
polybutadiene	acrylonitrile	as	binder,	and	2%	bisphenol	A	ether	as	an	epoxy	curing	agent.	A	
chamber	 pressure	 of	 70.0	bar	 and	 an	 ambient	 pressure	 of	 1.0	bar	 with	 frozen	 expansion	
conditions	were	assumed	for	the	calculations.	
Syntheses 
CAUTION!	 All	 prepared	 compounds	 are	 energetic	 materials	 with	 sensitivity	 toward	 heat,	
impact,	 and	 friction.	 No	 hazards	 occurred	 during	 the	 preparation	 and	 manipulation.	
However,	 additional	 proper	 protective	 precautions	 (face	 shield,	 leather	 coat,	 earthed	








40.5	 (CH2),	 39.2	 (CH3)	 ppm.	 14N	 NMR	 (CDCl3)	 δ	 =	 −30	 (NO2),	 −126	 (CN)	ppm.	 Elemental	
analysis	 C3H5N3O2	 (115.09):	 calcd.	 C	 31.31,	 H	 4.38,	 N	 36.51%;	 found	 C	 31.52,	 H	 4.51,	 N	




(5),	1278	 (24),	1156	 (8),	1039	 (11),	933	 (22),	908	 (5),	848	 (100),	683	 (7),	617	 (20),	497	
(10),	421	(10),	361	(4),	332	(10),	260	(5)	cm−1.	IS:	>40	J	(grain	size	100–500	μm).	FS:	>360	N	



















168.6	 (CO),	 53.8	 (CH2),	 40.1	 (CH3)	 ppm.	 14N	 NMR	 ([D6]acetone)	 δ	 =	 −27	 (NO2)	 ppm.	







Raman	 (1000	mW):	ν	 =	 3037	 (14),	 3012	 (17),	 3002	 (21),	 2970	 (48),	 2891	 (5),	 1660	 (4),	
















1445	 (20),	 1410	 (18),	 1382	 (9),	 1328	 (15),	 1288	 (38),	 1273	 (35),	 1151	 (22),	 1135	 (13),	
1033	(28),	982	(11),	950	(24),	909	(21),	857	(100),	751	(7),	657	(10),	622	(19),	572	(5),	547	
(5),	 435	 (23),	 378	 (19),	 321	 (5),	 228	 (5)	 cm−1.	 IS:	 >40	J	 (grain	 size	 <100	μm).	 FS:	 288	N	




To	 a	 solution	 of	 N‐methyl‐N‐nitroglycinoyl	 hydrazide	 (4)	 (500	mg,	 3.4	mmol)	 in	 10	mL	
water	was	added	2,2,2‐trinitroethanol	 (610	mg,	3.4	mmol)	and	 the	 solution	was	 stirred	at	
ambient	 temperature	 for	 2	h.	 A	 viscose	 oil	 separated	which	was	 completely	 solidified	 by	
ultrasound	 treatment.	 The	 solid	 was	 filtered	 off,	 washed	 with	 water	 and	 dried	 in	 the	
desiccator.	 A	 light	 yellow	 solid	 of	 N‐methyl‐N‐(2‐oxo‐2‐(2,2,2‐trinitroethyl)hydrazinyl)‐
ethyl)nitramine	(5)	was	obtained	in	63%	yield.	
1H	NMR	 ([D3]acetonitrile)	 δ	=	 8.40	 (s,	 1H,	 NH),	 5.26	 (dt,	 1H,	 NH,	 3JNHNH	 =	 4.6	Hz,	 3JNHCH2	 =	
6.0	Hz),	 4.55	 (d,	 2H,	 OCH2,	 3JNHCH2	 =	 6.0	Hz),	 4.33	 (s,	 2H,	 NCH2),	 3.42	 (s,	 3H,	 CH3)	 ppm.	
13C	NMR	 ([D3]	 acetonitrile)	 δ	 =	 168.0	 (CO),	 128.6	 (C(NO2)3),	 55.7	 (CH2),	 54.3	 (CH2),	 40.9	

















layer	 was	 separated	 and	 the	 aqueous	 solution	 was	 extracted	 with	 ice‐cold	 chloroform	
(3×10	mL).	The	combined	organic	extracts	were	washed	with	ice‐cold	water	(2×10	mL),	ice‐
cold	brine	(10	mL)	and	were	dried	over	magnesium	sulfate.	The	solvent	was	concentrated	




55.2	 (CH2),	 40.1	 (CH3)	 ppm.	 14N	NMR	 (CDCl3)	 δ	 =	 −29	 (NO2),	 −136	 (N),	 −147	 (Nβ)	 ppm.	




662	 (m)	 cm−1.	Raman	 (1000	mW):	ν	=	2975	 (50),	 2946	 (79),	 2892	 (17),	 2155	 (30),	 1737	
(11),	1717	(66),	1545	(7),	1529	(8),	1454	(13),	1410	(22),	1361	(18),	1317	(13),	1304	(13),	
1271	 (32),	 1176	 (12),	 1159	 (8),	 1093	 (5),	 1025	 (14),	 947	 (16),	910	 (69),	 866	 (100),	 752	
(21),	667	(14),	622	(30),	580	(5),	522	(8),	506	(32),	420	(18),	377	(18),	308	(10),	293	(8)	














58.8	 (CH2),	 39.0	 (CH3)	 ppm.	 14N	NMR	 ([D6]acetone)	 δ	 =	 −28	 (NO2),	 −32	 (C(NO2)3)	 ppm.	
Elemental	analysis	C5H8N6O10	(312.15):	calcd.	C	19.24,	H	2.58,	N	26.92%;	found	C	19.28,	H	
2.71,	N	26.64%.	IR	(ATR):	ν	=	3320	(m),	3036	(w),	2986	(w),	1754	(w),	1731	(m),	1598	(s),	































To	 a	 solution	 of	 N‐methyl‐N‐nitrogycinoyl	 chloride	 (8)	 (560	mg,	 3.7	mmol)	 in	 10	mL	
chloroform	 was	 added	 dropwise	 anhydrous	 hydrazine	 (60	mg,	 1.9	mmol)	 dissolved	 in	
10	mL	chloroform	at	0	°C.	A	colorless	solid	precipitated	immediately.	The	reaction	mixture	
was	stirred	1	h	at	0	°C	and	was	refluxed	for	additional	1	h.	The	solid	was	filtered	off,	washed	
with	 chloroform	 and	 recrystallized	 from	water.	 Bis(N‐methyl‐N‐nitroglycinoyl)	 hydrazide	
(9)	was	obtained	as	colorless	crystals	in	86%	yield.	













To	 N‐methyl‐N‐nitrogycinoyl	 chloride	 (8)	 (560	mg,	 3.7	mmol)	 dissolved	 in	 10	mL	
chloroform	 were	 added	 2,2,2‐trinitroethanol	 (815	mg,	 4.5	mmol)	 and	 dry	 aluminum(III)	
chloride	(490	mg,	3.7	mmol).	The	reaction	mixture	was	refluxed	for	3	h	until	gas	evolution	
ceased.	 The	 organic	 solution	 was	 washed	 with	 2	M	 hydrochloric	 acid (10	mL)	 and	 water	
(10	mL)	 and	was	 dried	 over	magnesium	 sulfate.	 The	 solvent	was	 removed	 on	 the	 rotary	
evaporator	 and	 2,2,2‐trinitroethyl	 N‐methyl‐N‐nitroglycinate	 (10)	 was	 obtained	 as	 a	
colorless	solid	in	56%	yield.	
1H	NMR	 ([D6]acetone)	 δ	 =	 5.96	 (s,	 2H,	 OCH2),	 4.85	 (s,	 2H,	 NCH2),	 3.51	 (s,	 3H,	 CH3)	 ppm.	
13C	NMR	([D6]acetone)	δ	=	166.1	(CO),	125.1	(C(NO2)3),	62.2	(OCH2),	53.8	(NCH2),	40.1	(CH3)	










1400	 (19),	 1371	 (29),	 1352	 (31),	 1291	 (37),	 1152	 (13),	 1107	 (10),	 1051	 (9),	 1032	 (14),	
1002	(8),	949	(11),	913	(28),	869	(100),	858	(60),	808	(7),	788	(7),	652	(7),	623	(26),	560	
(13),	536	(10),	465	(7),	422	(40),	392	(29),	375	(54),	346	(12),	312	(7),	271	(19),	234	(16),	




N‐Methyl‐N‐nitrogycinoyl	 chloride	 (8)	 (560	mg,	 3.7	mmol)	 dissolved	 in	 2	mL	
tetrahydrofuran	was	added	to	an	aqueous	ammonia	solution	(10	mL)	at	0	°C.	The	reaction	
mixture	 was	 stirred	 10	min.	 at	 0	°C	 and	 extracted	 with	 ethyl	 acetate	 (3×50	mL).	 The	
combined	 organic	 extracts	 were	 washed	 with	 brine	 (20	mL)	 and	 dried	 over	 magnesium	
sulfate.	 The	 solvent	 was	 removed	 on	 the	 rotary	 evaporator	 to	 obtain	 2‐
(methylnitramino)acetamide	(11)	as	pure	colorless	solid	in	63%	yield.	
1H	NMR	([D6]acetone)	δ	=	7.09	(s,	1H,	NH2),	6.59	(s,	1H,	NH2),	4.49	(s,	2H,	CH2),	3.47	(s,	3H,	






2912	 (14),	 1683	 (10),	 1612	 (10),	 1532	 (7),	 1468	 (11),	 1442	 (22),	 1422	 (15),	 1404	 (26),	
1325	(20),	1314	(18),	1301	(23),	1271	(36),	1144	(30),	1112	(24),	1036	(45),	956	(43),	871	





To	 a	 suspension	 of	 2‐(methylnitramino)acetamide	 (11)	 (500	mg,	 3.8	mmol)	 in	 10	mL	1,2‐
dichloroethane	 oxalyl	 chloride	 (508	mg,	 4.0	mmol)	 was	 added.	 The	 reaction	mixture	 was	
refluxed	 for	 1	h	 until	 gas	 evolution	 ceased.	 2,2,2‐Trinitroethanol	 (688	mg,	 3.8	mmol)	 was	
added	 and	 the	 solution	was	 refluxed	 additional	 5	h.	 After	 cooling	 to	 room	 temperature	 a	
colorless	 solid	 precipitated	 which	 was	 filtered	 off,	 washed	 with	 1,2‐dichloroethane	 and	






3H,	 CH3)	 ppm.	 13C	NMR	 ([D6]acetone)	 δ	 =	 168.1	 (CO),	 150.7	 (CO),	 125.1	 (C(NO2)3),	 62.6	
(OCH2),	56.7	(NCH2),	40.2	(CH3)	ppm.	14N	NMR	([D6]acetone)	δ	=	−27	(NNO2),	−34	(C(NO2)3)	




(m),	 770	 (m),	 754	 (m),	 731	 (m),	 654	 (w),	 622	 (w),	 601	 (m),	 536	 (m)	 cm−1.	Raman	 (1000	
mW):	 ν	=	 3024	 (19),	 3004	 (24),	 2975	 (61),	 2962	 (66),	 2859	 (17),	 1803	 (17),	 1785	 (47),	
1708	 (18),	 1607	 (31),	 1593	 (13),	 1523	 (7),	 1444	 (23),	 1382	 (20),	 1351	 (32),	 1307	 (38),	
1269	 (15),	 1192	 (5),	 1153	 (18),	 1115	 (7),	 1034	 (24),	 955	 (15),	 886	 (20),	 870	 (69),	 859	
(100),	844	(17),	807	(12),	787	(9),	645	(6),	624	(21),	600	(9),	540	(17),	430	(18),	412	(44),	









and	 the	 solvent	 was	 removed	 on	 the	 rotary	 evaporator.	 2‐(Methylnitramino)‐N‐
nitroacetamide	(13)	was	obtained	as	pure	colorless	solid	in	82%	yield.	
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The	 aquatic	 toxicities	 (EC50	 after	 15	min	 and	 30	min)	 of	 several	 neutral	 as	 well	 as	 ionic	
energetic	 materials	 were	 determined	 by	 the	 luminescent	 bacteria	 inhibition	 test.	 The	
measurements	 were	 performed	 at	 15	°C	 on	 a	 LUMIstox	 300	 made	 by	 the	 HACH	 LANGE	
GmbH.	Liquid	dried	 luminescent	bacteria	of	 the	 strain	Vibrio	 fischeri	NRRL‐B‐11177	were	
used.	 In	 addition	 to	 well	 known	 energetic	 materials	 such	 as	 RDX,	 ammonium	 azide,	
ammonium	nitrate	 and	 ammonium	perchlorate	 numerous	new	materials	were	 tested	 and	
compared	with	each	other.	
8.2 Introduction 
Strong	 research	 efforts	 are	 ongoing	 to	 find	new	 energetic	materials	with	 better	 energetic	
properties	like	higher	performance,	lower	sensitivities	and	better	stabilities	during	the	last	
decades.[1]	However,	not	only	energetic	properties	are	important	but	also	environmentally	
friendly	 substances	 are	 requested	 for	 saver	handling	 since	 the	 commonly	used	explosives	
hexogene	 (RDX),	 2,4,6‐trinitrotoluene	 (TNT)	 and	 octahydro‐1,3,5,7‐tetranitro‐1,3,5,7‐
tetrazocine	(HMX)	have	shown	to	be	toxic	for	human	and	animal	organisms.[2]	Furthermore,	
priming	 mixtures	 usually	 contain	 lead	 azide	 (LA)	 and	 lead	 styphnate	 as	 the	 primary	
explosives.	Lead	is	a	highly	poisonous	metal	whether	it	is	inhaled	or	swallowed	affecting	the	
whole	 body	 and	 may	 even	 cause	 death	 in	 high	 concentrations.[3]	 Studies	 showed	 that	 at	
shooting	ranges	and	military	training	grounds	the	maximum	accepted	concentration	of	lead	






show	 disadvantages	 like	 huge	 test	 volume,	 long	 exposure	 periods,	 difficulties	 with	 the	
standardizations	of	the	organisms	and	subsequent	low	reproducibilities.[8]	The	Luminescent	
Bacteria	 Inhibition	Test	provides	a	quick,	simple	and	reproducible	possibility	to	test	 these	











FMN	 Reductase.	 The	 reduced	 flavin	 molecule	 is	 able	 to	 bind	 to	 the	 Luciferase	 and	 in	























Prior	 to	 the	measurements	 a	 2%	NaCl	 stock	 solution	was	 prepared	 using	 HPLC‐grade	
water	 to	ensure	optimal	 salt	 conditions	 for	 the	bacteria.	The	 tested	compounds	of	known	
weight	 are	 diluted	 in	 this	 stock	 solution	 and	 after	 complete	 solvation	were	 adjusted	 to	 a	
final	volume.	A	dilution	series	was	prepared	out	of	this	test	solution	referring	to	DIN	38412	
L34,	L341.	The	dilutions	range	from	1:2	to	1:32.	Due	to	the	low	solubility	of	RDX	in	water	
RDX	was	 first	dissolved	 in	acetone	and	then	diluted	 in	2%	NaCl	stock	solution	to	obtain	a	
1%	 (vol%)	 acetone	 concentration	 for	 each	 dilution.	 A	 1%	 acetone	 concentration	 in	 the	
control	of	the	measurement	showed	a	negligible	effect	on	the	bacteria.	
The	measurements	were	 performed	 on	 a	LUMIStox	300	 obtained	 by	HACH	 LANGE	GmbH	










	 ܫ௖௧ ൌ ݂ܭ ∗ ܫ଴	 (2)	
and	the	inhibition	is	calculated	as	follows:	











Table	 2.1	 summarizes	 the	 toxicity	 data	 of	 several	 neutral	 and	 ionic	 compounds	 like	
ammonium,	 hydroxylammonium,	 sodium	 and	 potassium	 salts	 (Figure	 8.2).	 Most	 of	 the	
compiled	compounds	are	useful	energetic	materials	or	potential	precursors.	An	 important	
factor	 when	measuring	 the	 toxicities	 of	 energetic	materials	 is	 the	 water	 solubility	 of	 the	
substances.	 To	 increase	 the	water	 solubility	 RDX	was	 first	 dissolved	 in	 acetone	 and	 then	
diluted	to	get	a	1%	acetone	solution.	The	EC50	value	of	RDX	after	15	min	incubation	(EC50	=	
0.327	g	L−1)	fits	well	with	the	EC50	given	in	the	literature.[12]	Nevertheless,	it	was	not	possible	
to	 obtain	 a	 concentration	 high	 enough	 to	 determine	 the	 EC50	 values	 of	 pentaerythritol	
tetranitrate	 (PETN),	 cyclotetramethylene	 tetranitramine	 (HMX),	 2,4,6,8,10,12‐hexanitro‐
2,4,6,8,10,12‐hexanitrohexaazaisowurtzitane	 (CL‐20)	 and	 2,2‐dinitroethene‐1,1‐diamine	
(FOX‐7).	 For	 classification	 of	 the	 toxicity	 the	 compounds	 with	 EC50	 values	 lower	 than	
0.10	g	L−1	 are	 categorized	 as	 very	 toxic	 while	 compounds	 with	 EC50	 values	 between	
0.10	g	L−1	and	1.00	g	L−1	are	rated	as	 toxic	and	above	1.00	g	L−1	as	 less	 toxic	 to	 the	marine	
bacteria	V.	 fischeri	 after	 30	min	 incubation	 time.[12]	 Therefore	mainly	 the	 EC50	 value	 after	
30	min	incubation	will	be	discussed.	
The	 toxicity	 measurements	 of	 commercially	 available	 salts	 like	 potassium	 chlorate,	
bromate	and	iodate	as	well	as	ammonium	nitrate	and	perchlorate	showed	almost	no	toxicity	
of	the	salts	towards	the	bacteria.	The	toxicity	of	these	salts	is	presumably	more	influenced	
by	 the	 anion	whereat	 the	highest	 toxicity	 is	 observed	 for	 the	azide	 anion	 followed	by	 the	
periodate	 anion.	 The	 perchlorate	 anion	 showed	 no	 effect	 on	 the	 luminescence	 of	 the	
bacteria.	 This	 is	 astonishing	 since	 studies	 showed	 a	 toxicity	 of	 the	 perchlorate	 anion	
towards	vertebrates.[13]	Similar	to	the	perchlorate	ion	is	the	effect	of	the	chlorate,	bromate	





The	 primary	 explosives	 dipotassium	 1,5‐di(nitramino)tetrazolate	 (1a)[14]	 and	
dipotassium	 1,1'‐di(nitramino)‐5,5'‐bitetrazolate	 (2a)[14]	 [34]	 as	 well	 as	 copper(I)	 5‐
nitrotetrazolate	(DBX‐1)[15]	are	potential	lead	free	replacements	for	lead	azide.	Since	DBX‐1	
is	nearly	insoluble	in	water	no	EC50	value	could	be	determined.	Therefore	the	precursor	of	
DBX‐1	 sodium	 5‐nitrotetrazolate	 (3a)[15b]	 was	 measured.	 With	 EC50	 values	 higher	 than	
3.9	g	L−1	 all	 of	 these	 compounds	are	 classified	as	not	 toxic	 towards	 the	marine	bacteria	V.	
fischeri.[12]	














NaN3	 0.25	 0.18	 o	
NaIO4	 0.77	 0.65	 o	
KIO4	 0.89	 0.68	 o	
KClO3	 >	2.49	 >	2.49	 +	
KBrO3	 >	2.49	 >	2.49	 +	
KIO3	 >	2.53	 >	2.53	 +	
NH4N3	 0.26	 0.15	 o	
NH4NO3	 10.485	 6.39	 +	
NH4ClO4	 14.58	 11.13	 +	
NH4IO4	 0.58	 0.48	 o	
NH4N(NO2)2	 7.25	 4.50	 +	
RDX	 0.33	 0.24	 o	
1a	 >	1.63	 3.92	 +	
2a	 >	5.93	 11.63	 +	
3a	 14.08	 4.35	 +	
4a	 1.17	 0.58	 o	
5a	 1.63	 0.33	 o	
5b	 4.21	 3.68	 +	













6a	 0.39	 0.18	 o	
6b	 1.73	 1.03	 +	
7a	 0.32	 0.24	 o	
8a	 0.33	 0.19	 o	
9	 0.13	 0.07	 −	
9a	 0.75	 0.35	 o	
10a	 >	1.04	 3.78	 +	
11	 5.01	 4.84	 +	
11a	 3.56	 3.36	 +	
12a	 2.97	 1.82	 +	
13	 0.59	 0.55	 o	
14a	 2.88	 2.80	 +	
15a	 0.09	 0.07	 −	
16a	 1.19	 0.71	 o	
17a	 5.73	 5.42	 +	
18	 0.01	 0.01	 −	
19a	 >	15.07	 >	15.07	 +	
20	 0.87	 0.87	 o	










The	 toxicities	 of	 different	 hydroxyl	 ammonium	 and	 ammonium	 bitetrazolates	 were	
determined.	 Bis(hydroxylammonium)	 5,5'‐bitetrazole‐1,1'‐dioxide	 (4a,	 TKX‐50)[16],	
bis(hydroxylammonium)	 and	 bis(ammonium)	 5‐(1‐oxidotetrazolyl)‐tetrazolate	 (5a	 and	
5b)[17],	bis(hydroxylammonium)	and	bis(ammonium)	5‐(2‐oxidotetrazolyl)‐tetrazolate (6a	
and	6b)[18]	and	bis(hydroxylammonium)	5,5'‐bitetrazole	1,2'‐	dioxide	(7a)[19]	are	potential	
replacements	 for	 the	 secondary	 explosive	 RDX.	 All	 of	 these	 salts	 as	 well	 as	 the	 neutral	
compound	 5‐(1H‐tetrazolyl)‐2‐hydroxytetrazole	 monohydrate	 (6)[18]	 were	 tested	 by	 the	
luminescent	bacteria	inhibition	test.	In	Figure	8.3	the	inhibition	of	the	luminescent	bacteria	
is	plotted	against	the	concentration	of	these	hydroxylammonium	and	ammonium	salts.	The	
ammonium	 salts	 5b	 and	 6b	 showed	 with	 EC50	 values	 of	 3.68	g	L−1	 and	 1.03	g	L−1,	
respectively,	low	toxicities	towards	the	marine	bacteria.	However,	the	exchange	of	the	none	
toxic	 ammonium	 cation	 with	 the	 hydroxylammonium	 cation	 significantly	 increases	 the	
toxicity	 of	 the	 bitetrazolate	 salts.	 With	 EC50	 values	 in	 the	 range	 of	 0.18–0.58	g	L−1	 after	
30	min	 incubation	 the	 compounds	 are	 classified	 as	 toxic.	Nevertheless	 for	 compounds	4a	
(EC50	(30	min)	=	0.58	g	L−1)	and	5a	(EC50	(30	min)	=	0.33	g	L−1)	lower	toxicities	than	for	RDX	
(EC50	(30	min)	=	0.24	g	L−1)	were	observed.	The	EC50	value	for	the	neutral	bitetrazole	6	(EC50	






Also	 the	 toxicities	 of	 the	 hydroxylammonium	 salts	 of	 3,3'‐dinitro‐5,5'‐bi‐1,2,4‐triazole‐
1,1'‐diol	 (8a,	 MAD‐X1)[20]	 and	 5,5'‐diamino‐4,4'‐dinitramino‐3,3'‐bi‐1,2,4‐triazole	 (9a)[21]	
have	 been	 investigated	 (Figure	 8.4).	 Both	 compounds	 are	 toxic	 to	 aquatic	 life	 with	 EC50	




dinitramino‐3,3'‐bi‐1,2,4‐triazole	 (9)[21]	 is	 classified	 as	 very	 toxic	 (EC50	 (30	min)	 =	
0.07	g	L−1).	
The	thermally	stable	nitrogen‐rich	aromatic	cations	have	been	investigated,	too.	Toxicity	
measurements	 for	 4,4',5,5'‐tetramino‐3,3'‐bi‐1,2,4‐triazolium	 dinitramide	 (10a)[22]	 as	well	




Figure	8.4	 Diagram	 of	 the	 inhibition	 of	 the	 1,2,4‐triazoles	 salts	8–11	 after	 30	min	 of	
incubation.	
The	 compounds	 4,5‐bi‐(1H‐tetrazol‐5‐yl)‐2H‐1,2,3‐triazole	 (12)	 and	 4,5‐bi‐(1‐
hydroxytetrazol‐5‐yl)‐2H‐1,2,3‐triazole	 (13)	 combine	 the	 advantages	 of	 the	 triazole	 and	
tetrazole	heterocycles	by	forming	energetic	and	thermally	stable	molecules.[25]	For	toxicity	
measurements	 the	 ammonium	 salt	 of	 compound	12	 as	well	 as	 the	 neutral	 compound	13	
were	 investigated.	 While	 bis(ammonium)	 4,5‐bi‐(1H‐tetrazol‐5‐yl)‐2H‐1,2,3‐triazolate	
(12a)	 is	 less	 toxic	 to	V.	 fischeri	 (EC50	 (30	min)	=	 1.82	g	L−1)	 a	 decrease	of	 luminescence	 is	
observed	for	compound	13	(EC50	(30	min)	=	0.55	g	L−1).	Nevertheless,	compound	13	is	still	
less	toxic	than	the	secondary	explosive	RDX.	
The	 energetic	 nitrofurazans	 3,3'‐dinitramino‐4,4'‐bifurazan	 (14),	 3,3'‐dinitramino‐4,4'‐
azobifurazan	 (15),	 3,3'‐dinitramino‐4,4'‐azoxybifurazan	 (16)	 and	 bi	 (1‐oxidotetrazolyl)‐
furazan	(17)	and	their	salts	are	also	possible	RDX	replacements.[26]	For	toxicity	assessment	
the	ammonium	salts	of	these	compounds	(14a,	15a,	16a	and	17a)	were	tested	(Figure	8.5).	
The	 bifurazan	 salt	 14a	 and	 the	 bi(tetrazolyl)‐furazan	 salt	 17a	 show	 both	 low	 toxicities	
while	the	azo‐bridged	compounds	posses	moderate	(16a)	to	high	toxicities	(15a)	towards	







Figure	 8.5	 Diagram	 of	 the	 inhibition	 of	 the	 furazan	 salts	 14–17	 after	 30	min	 of	
incubation.	
6‐Diazonium‐3‐hydroxy‐2,4‐dinitrophenolate	 (18)	 is	 a	 derivative	 of	 the	 commercially	
used	 primary	 explosive	 2‐diazonium‐4,6‐dinitrophenolate	 (DDNP).	 Chemical	 and	 physical	
studies	 as	well	 as	 detonation	 calculations	 showed	 similar	 or	 even	 better	 properties	 than	
DDNP.	However	toxicity	measurements	of	the	benzene	derivative	18	revealed	a	high	toxic	
effect	on	the	marine	bacteria	(EC50	(30	min)	=	0.01	g	L−1).	
1,1,2,2‐Tetranitraminoethan	 (19)	was	 first	 synthesized	 in	 1988	 as	 an	 intermediate	 for	
the	 synthesis	 of	 CL‐20.[27]	However,	 compound	19	 itself	 and	 the	 salts	 thereof	 are	 already	
energetic	 materials	 with	 a	 high	 oxygen	 content,	 high	 density	 and	 high	 thermal	 stability.	
Toxicity	 measurements	 of	 the	 potassium	 salt	 of	 19	 (19a)[28]	 showed	 even	 at	 high	
concentrations	negligible	effects	on	the	luminescence	of	the	bacteria	(EC50	=	>	15.07	g	L−1).	
Therefore	 compound	19a	 is	more	 than	50	 times	 less	 toxic	 to	 the	 bacteria	V.	 fischeri	 than	
RDX.	
The	 synthesis	 of	meso‐erythritol	 tetranitrocarbamate	 (20)	 started	 from	 corresponding	
sugar	 alcohol	 by	 an	 economically	 benign	 two‐step	 synthesis.[29]	 Primary	 nitrocarbamates	
form	 a	 new	 class	 of	 energetic	 materials	 with	 good	 detonation	 performances	 and	 lower	
sensitivities	 than	 the	 commonly	 used	 nitrate	 ester	 explosive	 PETN.	 During	 the	 toxicity	
measurements	a	moderate	inhibition	of	luminescence	was	observed	for	compound	20	(EC50	
=	0.87	g	L−1)	which	is	in	comparison	to	RDX	still	less	toxic.	
An	 important	 building	 block	 for	 the	 synthesis	 of	 oxygen	 rich	 energetic	 compounds	 is	 the	
2,2,2‐trinitroethanol	 (21).	 It	 is	 formed	 by	 a	 simple	 HENRY	 reaction	 starting	 from	




decomposes	 into	 its	starting	materials.	When	measuring	the	toxicity	of	 the	alcohol	21	and	








the	 synthesis	 of	 DBX‐1,	 hardly	 no	 toxicities	 towards	 the	marine	 bacteria	 were	 observed.	
Also	most	of	 the	secondary	explosives	revealed	good	to	excellent	properties	regarding	the	
toxicity	to	aquatic	life.	The	potassium	salt	19a	exhibits	with	a	value	higher	than	15.07	g	L−1	
the	 lowest	 toxicity	 and	 is	 therefore	 more	 than	 50	 times	 less	 toxic	 than	 RDX	 (EC50	 =	
0.24	g	L−1)	followed	by	several	ammonium	salts.	The	highest	toxicities	were	observed	for	the	
neutral	bitetrazole	9	as	well	as	for	the	azoxy	coupled	furazan	ammonium	salt	15a	and	the	
phenol	 derivative	18.	 For	 the	 intensively	 investigated	 secondary	 explosives	4a	 (TKX‐50)	
and	8a	(MAD‐X1)	EC50	values	similar	to	RDX	were	observed.	
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find	 an	 alternative	 replacing	 AP	 for	 the	 application	 in	 solid	 rockt	 propellants.	 For	 the	
utilization	 as	 high‐energy	 dense	 oxidizers	 (HEDOs)	 the	 compounds	 have	 to	 fulfill	 several	
requirements	 like	 high	 oxygen	 content	 (Ωco	 >	 25%),	 high	 thermal	 stability	 (Tdec	 >150	°C),	
moderate	sensitivity	(IS	>4	J,	FS	>	80	N),	and	high	specific	impulses	(Is	>	250	s).	The	specific	
impulse	 is	 an	 important	 performance	 parameter	 since	 an	 increase	 by	 20	s	 approximately	
doubles	the	maximum	possible	carried	payload.	
In	 the	 course	 of	 this	 thesis,	 many	 novel	 energetic	materials	 based	 on	 the	 insertion	 of	
fluorodinitromethyl	 and	 trinitromethyl	 moieties	 have	 been	 synthesized	 and	 thoroughly	
characterized.	 Most	 compounds	 show	 satisfying	 thermal	 stabilities	 as	 well	 as	 adequate	
stabilities	 towards	 external	 stimuli.	 Due	 to	 their	 high	 oxygen	 contents	 most	 compounds	
achieve	 a	 positive	 oxygen	 balance.	 Therefore,	 these	 materials	 are	 classified	 as	 HEDOs	
suitable	for	the	use	as	environmental	friendly	oxidizer	in	solid	rocket	composite	propellants.	
1 CARBONYL DIISOCYANATE CO(NCO)2 
In	 the	 first	 chapter	 the	 solid	 and	gas	phase	 structures	of	 carbonyl	 diisocyanate	CO(NCO)2	
(S1)	 were	 investigated.	 Compound	 S1	 is	 a	 derivative	 of	 the	 well‐known	 but	 unstable	
carbonic	 acid	 H2CO3.	 Due	 to	 its	 high	 reactivity	 S1	 is	 a	 suitable	 starting	 material	 for	 the	
synthesis	 of	HEDOs	 as	well	 as	 energetic	 polymers.	 In	 this	 chapter	 a	 convenient	 synthesis	
was	presented	starting	from	trichloroisocyanuric	acid	(Scheme	S1.1)	using	trichloromethyl	
chloroformate	 (diphosgene),	which	 is	 liquid	 at	 room	 temperature,	 instead	 of	 the	 gaseous	
phosgene.	
	










(GED)	 was	 used	 to	 determine	 the	 structure	 of	 the	 free	 molecule	 of	 S1	 in	 the	 gas‐







(2‐Fluoro‐2,2‐dinitroethyl)‐2,2,2‐trinitroethylamine	 (S3)	 was	 synthesized	 by	 a	 Mannich	
type	 reaction	 of	 2‐fluoro‐2,2‐dinitroethylamine	 (S2)	 and	 2,2,2‐trinitroethanol.	 Further	






All	 compounds	 were	 comprehensively	 characterized	 including	 X‐ray	 molecular	
structures.	 Compound	 S4	 is	 a	 promising	 candidate	 for	 replacing	 AP	 in	 solid	 rocket	
















Table	S3.1	 Physical	 and	 energetic	 properties	 as	well	 as	 selected	 detonation	 and	 combustion	
parameters	of	compounds	S5a–c	compared	to	AP.	
	 S5b	 S5c	 S5d	 AP	
formula	 C3H7N5O9	 C3H7N4O10Cl	 C3H7N7O10	 NH4ClO4	
ρ	[g	cm−3][a]	 1.77	 1.97	 1.84	 1.95	
Tdec	[°C][b]	 138	 164	 112	 240	
ΩCO	[][c]	 +15.6	 +21.7	 +18.6	 +34.6	
ΔH°f	[kJ	mol−1][d]	 −169	 −119	 32	 −296	
−Qv	[kJ	kg–1][e]	 6697	 6250	 6671	 1422	
pCJ	[kbar][f]	 335	 390	 372	 158	
Vdet	[m	s–1][g]	 8913	 9096	 9282	 6368	
Isp	[s]	[h]	 274	 265	 274	 157	
Isp	[s]	(15%	Al)[i]	 278	 270	 278	 235	
Isp	[s]	(15%	Al,	14%	binder)[j]	 270	 272	 275	 261	
[a]	Density	at	room	temperature.	[b]	Decomposition	temperature.	[c]	Oxygen	balance	assuming	the	formation	of	CO.	[d]	
Enthalpy	of	formation.	[e]	Heat	of	detonation.	[f]	Detonation	pressure.	[g]	Detonation	velocity.	[h]	Specific	 impulse.	[i]	

















(S6)	 in	good	yields	 (Scheme	S4.1).	The	amine	S5a	 as	well	as	 the	alcohol	S6	were	suitable	

















than	 PETN	 it	 has	 promising	 physical	 properties.	 The	 calculated	 detonation	 velocity	
(9119	m	s−1)	 is	 higher	 than	 for	 the	 commonly	 used	 secondary	 explosives	RDX,	 PETN,	 and	
TNT	and	the	specific	impulse	in	a	mixture	of	oxidizer,	fuel,	and	binder	(267	s)	exceeds	the	







In	 Chapter	 5	 new	 compounds	 with	 high	 oxygen	 contents	 were	 synthesized	 and	





room	 temperature	 densities	 increase	 [1.67	g	cm−3	 (S7),	 1.84	g	cm−3	 (S11)].	 The	 highest	
decomposition	 temperature	 was	 found	 the	 oxalate	 S11	 (186	°C)	 (Figure	 S5.2),	 while	 the		
	
	







discussed	 in	 this	 thesis.	 Corresponding	 to	 the	 densities	 and	 oxygen	 balances	 are	 the	
calculated	detonation	 and	 combustion	parameters.	While	 for	S11	 a	 detonation	velocity	 of	
8275	m	s−1	was	 found,	 it	was	 decreased	 by	more	 than	 500	m	s−1	 for	S7.	 The	 best	 specific	







Table	S5.1	 Physical	 and	 energetic	 properties	 as	well	 as	 selected	 detonation	 and	 combustion	
parameters	of	compounds	S11,	S12,	and	S7	compared	to	AP.	
	 S11	 S12	 S7	 AP	
formula	 C6H4N6O16	 C7H6N6O16	 C3H7N7O10	 NH4ClO4	
ρ	[g	cm−3][a]	 1.84	 1.73	 1.67	 1.95	
Tdec	[°C][b]	 186	 168	 170	 240	
ΩCO	[][c]	 +30.8	 +22.3	 +14.4	 +34.6	
ΔH°f	[kJ	mol−1][d]	 –688.0	 –705.2	 −789.4	 −296	
−Qv	[kJ	kg–1][e]	 5177	 5839	 5126	 1422	
pCJ	[kbar][f]	 286	 270	 256	 158	
Vdet	[m	s–1][g]	 8275	 8071	 7732	 6368	
Isp	[s]	[h]	 240	 252	 250	 157	
Isp	[s]	(15%	Al)[i]	 250	 257	 259	 235	
Isp	[s]	(15%	Al,	14%	binder)[j]	 256	 251	 246	 261	
[a]	Density	at	room	temperature.	[b]	Decomposition	temperature.	[c]	Oxygen	balance	assuming	the	formation	of	CO.	[d]	
Enthalpy	of	formation.	[e]	Heat	of	detonation.	[f]	Detonation	pressure.	[g]	Detonation	velocity.	[h]	Specific	 impulse.	[i]	






Not	 only	 for	 life	 but	 also	 for	 the	 synthesis	 of	 polynitro	 compounds	 amino	 acids	 are	
interesting	 building	 blocks	 due	 to	 their	 natural	 occurrence,	 their	 low	 toxicity,	 and	 their	
reactive	 functionalities.	 In	 Chapter	 6	 the	 amino	 acids	 β‐alanine	 and	 L‐aspartic	 acid	 were	
used	 as	 basis	 modules	 for	 the	 synthesis	 of	 several	 new	 energetic	 compounds.	 The	 most	









patterns	 and	 coupling	 constants	 the	molecular	 structure	of	S16	was	determined	with	 the	




properties	 were	 determined	 for	 the	 nitrocarbamate	 S15	 with	 a	 detonation	 velocity	 of	
9083	m	s−1,	a	detonation	pressure	of	365	kbar	and	a	specific	impulse	in	a	mixture	consisting	




















The	 compounds	 were	 thoroughly	 characterized	 and	 X‐ray	 molecular	 structures	 were	
obtained.	Most	 compounds	 show	moderate	 to	 low	sensitivities	 to	 impact	 and	 friction.	 For	
the	nitramine	S17	a	detonation	velocity	of	8304	m	s−1	was	calculated	which	is	in	the	range	
of	PETN.	The	best	specific	 impulse	 in	mixtures	consisting	of	 fuel,	oxidizer	and	additives	 is	
found	for	S17	(252	s)	although	no	positive	oxygen	balance	was	achieved	(EXPLO5	V6.02).	
8 TOXICITY ASSESSMENT OF ENERGETIC MATERIALS 
The	 aquatic	 toxicity	 of	 various	 energetic	 materials	 is	 determined	 by	 the	 luminescent	
bacteria	inhibition	test.	This	test	uses	the	bioluminescent	bacteria	Vibrio	fischeri	(V.	fischeri)	
which	 are	 an	 ideal	 model	 organism	 for	 aquatic	 life.	 During	 the	 test	 the	 decrease	 of	
bioluminescence	is	determined	after	a	certain	time	in	vials	with	different	concentrations	of	
the	tested	substance	and	compared	to	a	non‐toxic	control.	From	these	values	a	diagram	is	




Figure	 S8.1	 Diagram	 of	 the	 inhibition	 of	 the	 very	 toxic	 compounds	 S23–S25	 after	
30	min	of	incubation.	
For	the	ammonium,	potassium	and	sodium	cations	a	minor	effect	on	the	luminescence	of	
V.	 fischeri	 is	 found	whereas	 the	 hydroxylammonium	 cation	 shows	 a	 considerable	 toxicity.	
Most	energetic	compounds	exhibit	a	moderate	toxicity	towards	the	marine	bacteria.	For	the	
neutral	 compound	 5,5'‐diamino‐4,4'‐dinitramino‐3,3'‐bi‐1,2,4‐triazole	 (S23)	
(EC50	=	0.07	g	L−1),	 the	 ammonium	 salt	 of	 3,3'‐dinitramino‐4,4'‐azobifurazan	 (S24)	









thoroughly	 characterized.	 In	 general	 these	 compounds	 contain	 a	 carbamate	 or	
nitrocarbamate,	nitramine,	nitramide	or	oxalyl	moiety.	Good	 thermal	 stabilities,	moderate	
sensitivities	 towards	 impact,	 friction	 and	 electrostatic	 discharge	 and	 promising	 energetic	
properties	were	achieved.	
High	 oxygen	 contents	 were	 attained	 with	 the	 trinitromethyl	 and	 fluorodinitromethyl	
functionalities.	For	 the	syntheses	 the	Mannich	addition	of	an	organic	nitro	compound	 like	
trinitromethane,	an	aldehyde	and	an	amine	was	employed	as	well	as	the	Michael	addition	of	
an	 nucleophile	 to	 an	 α,β‐unsaturated	 carbonyl	 compound.	 In	 this	 way	 trinitroethyl	 and	
trinitropropyl	units	were	introduced	to	various	compounds.	
Oxalyl	 chloride	 as	 well	 as	 different	 proteinogenic	 and	 non‐proteinogenic	 amino	 acids	
served	 as	 basis	 molecules	 for	 the	 synthesis	 of	 HEDOs.	 Satisfying	 decomposition	
temperatures	 in	 combination	 with	 specific	 impulses	 of	 more	 than	 250	s	 were	 obtained.	
However,	to	predict	the	specific	impulses	solely	from	the	oxygen	content	of	the	compounds	
is	 not	 possible.	 Also	 small	molecules	with	 a	 lower	 oxygen	 content	 could	 reach	 promising	
specific	impulses.	
With	 regard	 to	 future	 works	 on	 HEDOs	 especially	 small	 molecules	 with	 high	 oxygen	
contents	 would	 be	 of	 great	 interest.	 Amino	 acids	 or	 in	 the	 biosynthesis	 of	 vertebrates	




















  At1  At2      ra          l         corr        Gu 
---------------------------------------------------------- 
  C6   O8    1.186720    0.068873   -0.036900      101     
  C7   O9    1.186720    0.068873   -0.036900      101     
  C1   O3    1.198820    0.017973   -0.003100      101     
  N4   C6    1.218410    0.041873   -0.005700      101     
  N5   C7    1.218410    0.041873   -0.005700      101     
  C1   N5    1.400126    0.027173   -0.008300      101     
  C1   N4    1.400126    0.027173   -0.008300      101     
  N4   N5    2.234950    0.060226   -0.011000      102     
  N5   O3    2.325554    0.056826   -0.008500      102     
  N4   O3    2.325554    0.056826   -0.008500      102     
  C1   C7    2.328585    0.077926   -0.007000      102     
  C1   C6    2.328585    0.077926   -0.007000      102     
  N4   O8    2.361249    0.044826   -0.004700      102     
  N5   O9    2.361249    0.044826   -0.004700      102     
  C7   O3    2.843662    0.118387   -0.020600      103     
  C6   O3    2.843662    0.118587   -0.020600      103     
  N5   C6    3.406185    0.063017   -0.004300      104     
  N4   C7    3.406185    0.063017   -0.004300      104     
  C1   O8    3.423561    0.122717   -0.003000      104     
  C1   O9    3.423561    0.122417   -0.003000      104     
  O3   O8    3.741284    0.210617   -0.019200      104     
  O3   O9    3.741284    0.210217   -0.019200      104     
  C6   C7    4.564038    0.113028   -0.021600      105     
  N5   O8    4.567898    0.109128   -0.017300      105     
  N4   O9    4.567898    0.109328   -0.017300      105     
  C7   O8    5.685456    0.134170   -0.004300      106     
  C6   O9    5.685456    0.134170   -0.004300      106     
  O8   O9    6.871280    0.160112   -0.057000      107     
---------------------------------------------------------- 
[a]	All	values	 in	Å,	corrections	were	calculated	using	SHRINK	program	from	MP2/cc‐pVTZ	and	cubic	 force	 fields.	The	









  At1  At2      ra          l         corr        Gu 
---------------------------------------------------------- 
  C6   O8    1.153390    0.014973   -0.004500      101     
  C7   O9    1.154710    0.014973   -0.004500      101     
  C1   O3    1.193840    0.017673   -0.003200      101     
  N5   C7    1.221420    0.044973   -0.006400      101     
  N4   C6    1.248730    0.112073   -0.036600      101     
  C1   N5    1.396716    0.027073   -0.008100      101     
  C1   N4    1.416006    0.028973   -0.007900      101     
  N5   O3    2.284259    0.055526   -0.008400      102     
  N4   N5    2.306144    0.061726   -0.010500      102     
  N4   O3    2.326070    0.057526   -0.008600      102     
  C1   C6    2.349413    0.074826   -0.010100      102     
  C1   C7    2.360329    0.079226   -0.007700      102     
  N5   O9    2.380523    0.077526   -0.018700      102     
  N4   O8    2.399904    0.199426   -0.041900      102     
  N4   C7    2.676094    0.040826   -0.004200      102     
  C6   O3    2.830863    0.055587   -0.005700      103     
  C1   O8    3.432876    0.116417   -0.007700      104     
  C7   O3    3.439893    0.150117   -0.024300      104     
  C1   O9    3.454816    0.124817   -0.004100      104     
  N5   C6    3.467569    0.063017   -0.004000      104     
  N4   O9    3.493918    0.067417   -0.004600      104     
  O8   O3    3.714042    0.098617   -0.016000      104     
  C6   C7    3.881164    0.168517   -0.004900      104     
  O9   O3    4.576805    0.227628   -0.024700      105     
  N5   O8    4.610847    0.082128   -0.004400      105     
  C6   O9    4.642079    0.196128   -0.013000      105     
  C7   O8    5.011018    0.270228   -0.002700      105     
  O8   O9    5.725083    0.361770   -0.020500      106     
---------------------------------------------------------------- 
[a]	All	values	 in	Å,	corrections	were	calculated	using	SHRINK	program	from	MP2/cc‐pVTZ	and	cubic	 force	 fields.	The	







 N | At | An |    Mass    |        X        |        Y        |         Z       
------------------------------------------------------------------------------- 
 1  C     6   12.00000000   -0.000000000000   -0.228094054700    0.000000000000 
 2  X    -1    0.00000000   -0.000000000000   -0.228094054700   -3.001000000000 
 3  O     8   15.99491462   -0.000000000000   -1.423814439045   -0.000000000000 
 4  N     7   14.00307401    1.111974912020    0.608979328273   -0.000000000000 
 5  N     7   14.00307401   -1.111974912020    0.608979328273    0.000000000000 
 6  C     6   12.00000000    2.271219123078    0.252862303367    0.000000000000 
 7  C     6   12.00000000   -2.271219123078    0.252862303367    0.000000000000 
 8  O     8   15.99491462    3.407140047643    0.074619296799    0.000000000000 





 N | At | An |    Mass    |        X        |        Y        |         Z       
------------------------------------------------------------------------------- 
 1  C     6   12.00000000    0.029280686104   -0.855125648982    0.000000000000 
 2  X    -1    0.00000000    0.029280686104   -0.855125648982   -3.001000000000 
 3  O     8   15.99491462    0.595695028031   -1.902407520349   -0.000000000000 
 4  N     7   14.00307401    0.637852218046    0.414678919465   -0.000000000000 
 5  N     7   14.00307401   -1.353461316465   -0.727534944214    0.000000000000 
 6  C     6   12.00000000    1.828977881107    0.639355850748    0.000000000000 
 7  C     6   12.00000000   -2.030707269191    0.281232845661    0.000000000000 
 8  O     8   15.99491462    2.930683398822    0.965230163137    0.000000000000 






Table	 A1.4	 Z‐matrix	 used	 in	 UNEX	
program	 for	 refinement	 of	 syn‐syn	
C(O)(NCO)2.	 The	 numbers	 behind	 the	





O, 1,B1, 2,A9 
N, 1,B2, 2,A9, 3,A2 1 
N, 1,B2, 2,A9, 3,A2 -1 
C, 4,B3, 1,A4, 5,D3 
C, 5,B3, 1,A4, 4,D3 
O, 6,B4, 4,A5, 1,D6 
O, 7,B4, 5,A5, 1,D6 
Variables: 
B1 1.19605 3 
B2 1.39139 2 
B3 1.21304 3 
B4 1.15015 3 
A2 127.04166 4 
A4 125.97200 6 






Table	 A1.5	 Z‐matrix	 used	 in	 UNEX	
program	 for	 refinement	 of	 syn‐anti	
C(O)(NCO)2	 .	 The	 numbers	 behind	 the	





O, 1,B11, 2,A91 
N, 1,B21, 2,A91, 3,A21 1 
N, 1,B22, 2,A91, 3,A22 -1 
C, 4,B31, 1,A41, 5,D31 
C, 5,B32, 1,A42, 4,D32 
O, 6,B41, 4,A51, 1,D61 
O, 7,B42, 5,A52, 1,D62 
Variables: 
B11 1.19097 
B21 1.40767 2 
B22 1.38818 2 
B31 1.21246 3 
B32 1.21535 3 
B41 1.14922 3 
B42 1.15054 3 
A21 126.06316 5 
A22 123.75464 5 
A41 126.46383 7 
A42 129.32294 7 
A51 174.37938 7 















  No.  Type      i    j    k    l    a-Value  g-Value  c-Value    Error  
------------------------------------------------------------------------ 
    1 stretch    1    3    0    0    1.19882  1.19909  1.19572   0.00029 
    2 stretch    1    4    0    0    1.40013  1.40065  1.39183   0.00035 
    3 stretch    1    5    0    0    1.40013  1.40065  1.39183   0.00035 
    4 stretch    4    6    0    0    1.21841  1.21985  1.21271   0.00029 
    5 stretch    5    7    0    0    1.21841  1.21985  1.21271   0.00029 
    6 stretch    6    8    0    0    1.18672  1.19072  1.14982   0.00029 
    7 stretch    7    9    0    0    1.18672  1.19072  1.14982   0.00029 
    8 bend       3    1    4    0                    126.97173   0.06562 
    9 bend       3    1    5    0                    126.97173   0.06562 
   10 bend       4    1    5    0                    106.05654   0.13124 
   11 bend       1    4    6    0                    125.95144   0.21560 
   12 bend       1    5    7    0                    125.95144   0.21560 
   13 bend       4    6    8    0                    171.84102   0.21560 
   14 bend       5    7    9    0                    171.84102   0.21560 
   15 torsion    3    1    4    6                     -0.00000   0.00000 
   16 torsion    3    1    5    7                      0.00000   0.00000 
   17 torsion    6    4    1    5                    180.00000   0.00000 
   18 torsion    4    1    5    7                    180.00000   0.00000 
   19 torsion    1    4    6    8                    180.00000   0.00000 
   20 torsion    1    5    7    9                    180.00000   0.00000 
   21 o.o.p      3    4    1    5                     -0.00000   0.00000 
----------------------------------------------------------------------- 
	
Table	A1.7	 Full	 listing	 of	 structural	 parameters	 for	 syn‐anti	 C(O)(NCO)2.	 ra,	 rg,	 re	 values	 are	
given	in	Å.	Errors	correspond	to	one	time	standard	deviation.	
------------------------------------------------------------------------ 
  No.  Type      i    j    k    l    a-Value  g-Value  c-Value    Error  
------------------------------------------------------------------------ 
    1 stretch    1    3    0    0    1.19384  1.19410  1.19064   0.00029 
    2 stretch    1    4    0    0    1.41601  1.41660  1.40811   0.00035 
    3 stretch    1    5    0    0    1.39672  1.39724  1.38862   0.00035 
    4 stretch    4    6    0    0    1.24873  1.25879  1.21213   0.00029 
    5 stretch    5    7    0    0    1.22142  1.22308  1.21502   0.00029 
    6 stretch    6    8    0    0    1.15339  1.15358  1.14889   0.00029 
    7 stretch    7    9    0    0    1.15471  1.15490  1.15021   0.00029 
    8 bend       3    1    4    0                    125.98688   0.11115 
    9 bend       3    1    5    0                    123.67836   0.11115 
   10 bend       4    1    5    0                    110.33476   0.22231 
   11 bend       1    4    6    0                    126.28867   0.32853 
   12 bend       1    5    7    0                    129.14778   0.32853 
   13 bend       4    6    8    0                    174.20422   0.32853 
   14 bend       5    7    9    0                    173.84603   0.32853 
   15 torsion    3    1    4    6                     -0.00000   0.00000 
   16 torsion    3    1    5    7                   -180.00000   0.00000 
   17 torsion    6    4    1    5                    180.00000   0.00000 
   18 torsion    4    1    5    7                      0.00000   0.00000 
   19 torsion    1    4    6    8                    180.00000   0.00000 
   20 torsion    1    5    7    9                    180.00000   0.00000 







D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
N10	 H2	 O10	 x,	y,	z	 2.588(3)	 0.831(3)	 3.327(3)	 148.8(1)	
C2	 H2B	 O20	 1−x,	−y,	0.5+z	 2.485(2)	 0.991(2)	 3.260(3)	 134.8(1)	
C3	 H3A	 O12	 0.5−x,	0.5+y,	0.5+z	 2.480(2)	 0.989(2)	 3.457(3)	 169.2(1)	
C3	 H3B	 O4	 x,	−1+y,	z	 2.364(2)	 0.990(2)	 3.155(3)	 136.2(1)	
C6	 H6A	 O6	 1−x,	−y,	−0.5+z	 2.578(2)	 0.989	(2)	 3.483(3)	 152.2(1)	
C6	 H6A	 O7	 0.5−x,	0.5+y,	−0.5+z	 2.578(2)	 0.989	(2)	 3.302(3)	 131.9(1)	
C7	 H7A	 O14	 x,	1+y,	z	 2.558(2)	 0.990(2)	 3.169(3)	 127.9(1)	
C7	 H7B	 O6	 1−x,	−y,	−0.5+z	 2.414	 0.991(2)	 3.347(3)	 156.9(1)	
	
Table	A2.2	Hydrogen	bonds	of	(2‐fluoro‐2,2‐dinitroethyl)‐2,2,2‐trinitroethylnitramine	(3).	
D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
C2	 H2A	 O11	 −0.5+x,	−0.5+y,	0.5+z	 2.543(2)	 0.990(2)	 3.373(2)	 141.2(1)	
C3	 H3A	 O2	 0.5−x,	−0.5+y,	0.5+z	 2.482(1)	 0.990(2)	 3.179(2)	 127.1(1)	
	
Additionally	a	short	dipolar	N···O	interaction	was	observed	between	the	nitramine	nitrogen	








	 1	 2	 4	 6a	
formula	 C4H6N4O7	 C4H5N3O8	 C4H4N6O7	 C3H7N4O6Cl	⨯	H2O	
formula	weight	[g	mol–1]	 222.11	 223.11	 248.13	 248.58	
temperature	[K]	 100(2)	 100(2)	 100(2)	 100(2)	
crystal	system	 triclinic	 monoclinic	 triclinic	 triclinic	
space	group	(No.)	 P−1(2)	 P21/n	(14)	 P−1(2)	 P−1(2)	
a	[Å]	 6.1081(5)	 6.1307(7)	 7.4160(5)	 6.7434(6)	
b	[Å]	 7.5366(6)	 16.7082(6)	 7.5385(6)	 7.8045(8)	
c	[Å]	 8.8543(7)	 8.5025(4)	 9.0347(8)	 10.0663(10)	
α	[°]	 80.728(7)	 90	 70.713(8)	 90.393(8)	
β	[°]	 87.505(7)	 98.296(4)	 80.100(7)	 98.800(8)	
γ	[°]	 88.355(6)	 90	 81.601(7)	 114.135(9)	
V	[Å3]	 401.80(6)	 861.82(7)	 467.47(6)	 476.36(8)	
Z	 2	 4	 2	 2	
ρcalc.	[g	cm–3]	 1.836	 1.720	 1.763	 1.733	
μ	[mm–1]	 0.177	 0.171	 0.168	 0.430	
F(000)	 228	 456	 252	 256	
crystal	habit	 colorless	plate	 colorless	block	 colorless	block	 colorless	plate	
crystal	size	[mm]	 0.35×0.21×0.05	 0.25×0.22×0.18	 0.35×0.27×0.25	 0.32×0.27×0.08	
q	range	[°]	 4.27	–	28.27	 4.15	–	26.37	 4.20	–	26.36	 4.23	–	28.28	
index	ranges	 −8	≤	h	≤	8	 −7	≤	h	≤	5	 −9	≤	h	≤	9	 −7	≤	h	≤	8	
	 −10	≤	k	≤	10	 −18	≤	k	≤	20	 −9	≤	k	≤	9	 −10	≤	k	≤	8	
	 −11	≤	l	≤	11	 −8	≤	l	≤	10	 −11	≤	l	≤	11	 −13	≤	l	≤	13	
reflections	measured	 3448	 3513	 4352	 4182	
reflections	independent	 1971	 1750	 1909	 2345	
reflections	unique	 1685	 1484	 1653	 2050	
Rint	 0.019	 0.019	 0.021	 0.021	
R1,	wR2	(2σ	data)	 0.0308,	0.0735	 0.0306,	0.0708	 0.0309,	0.0726	 0.0287,	0.0641	
R1,	wR2	(all	data)	 0.0380,	0.0794	 0.0384,	0.0764	 0.0384,	0.0782	 0.0355,	0.0680	
data/restraints/parameters	 1971/0/154	 1750/0/156	 1909/0/170	 2345/0/172	
GOOF	on	F2	 1.060	 1.040	 1.040	 1.083	
residual	el.	density	[e	Å−3]	 −0.228/0.388	 −0.198/0.228	 −0.215/0.302	 −0.292/0.336	





	 6b	 6d	 8	
formula	 C3H7N4O6·NO3	 C3H7N4O6·N3O4	 C6H6N6O14	
formula	weight	[g	mol–1]	 257.14	 301.16	 386.14	
temperature	[K]	 173(2)	 123(2)	 173(2)	
crystal	system	 orthorhombic	 triclinic	 monoclinic	
space	group	(No.)	 P212121	(14)	 P−1	(2)	 P21/n	(14)	
a	[Å]	 5.6622(4)	 6.7087(5)	 5.7264(3)	
b	[Å]	 10.2826(7)	 11.2547(7)	 21.6530(11)	
c	[Å]	 16.2582(18)	 15.2144(9)	 11.0910(6)	
α	[°]	 90	 75.527(5)	 90	
β	[°]	 90	 79.280(5)	 93.555(4)	
γ	[°]	 90	 75.733(6)	 90	
V	[Å3]	 946.59(14)	 1068.48(13)	 1372.57(12)	
Z	 4	 4	 4	
ρcalc.	[g	cm–3]	 1.804	 1.872	 1.869	
μ	[mm–1]	 0.181	 0.188	 0.188	
F(000)	 528	 616	 784	
crystal	habit	 colorless	plate	 colorless	block	 colorless	plate	
crystal	size	[mm]	 0.32×0.28×0.08	 0.36×0.13×0.04	 0.12×0.11×0.04	
q	range	[°]	 4.11	–	31.44	 4.19	–	26.00	 4.14	–	27.09	
index	ranges	 −8	≤	h	≤	7	 −8	≤	h	≤	6	 −3	≤	h	≤	7	
	 −15	≤	k	≤	7	 −13	≤	k	≤	13	 −21	≤	k	≤	27	
	 −11	≤	l	≤	23	 −18	≤	l	≤	18	 −14	≤	l	≤	14	
reflections	measured	 5194	 8204	 6223	
reflections	independent	 3069	 4176	 3023	
reflections	unique	 2567	 3456	 2572	
Rint	 0.029	 0.021	 0.021	
R1,	wR2	(2σ	data)	 0.0424,	0.0793	 0.0336,	0.0436	 0.0301,	0.0652	
R1,	wR2	(all	data)	 0.0584,	0.0883	 0.1020,	0.1144	 0.0390,	0.0700	
data/restraints/parameters	 3069/0/175	 4176/0/361	 3023/0/259	
GOOF	on	F2	 1.058	 0.826	 1.025	
residual	el.	density	[e	Å−3]	 −0.229/0.418	 −0.288/0.278	 −0.240/0.379	







D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C3	 H3	 O5	 1−x,	1−y,	−z	 2.702	 0.96	 3.600	 155.6	
C2	 H2	 O4	 1−x,	1−y,	1−z	 2.434	 0.95	 3.276	 145.7	
N4	 H6	 O7	 2−x,	−y,	1−z	 2.073	 0.89	 2.933	 170.9	
N4	 H5	 O6	 2−x,	1−y,	−z	 2.440	 0.86	 3.314	 168.3	
C2	 H1	 O7	 2−x,	1−y,	1−z	 2.640	 0.95	 3.531	 156.2	
	
Table	A3.4	Hydrogen	bonds	of	4,4,4‐trinitrobutanoic	acid	(2).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H1	 O1	 −1+x,	y,	z	 2.628	 0.96	 3.565	 166.3	
O8	 H8	 O7	 1−x,	−y,	−z	 1.769	 0.86	 2.632	 176.5	
C2	 H2	 O4	 −0.5+x,	0.5−y,	−0.5+z	 2.547	 0.94	 3.253	 136.1	
C2	 H2	 O2	 −0.5+x,	0.5−y,	0.5+z	 2.653	 0.94	 3.389	 132.5	
	
Table	A3.5	Hydrogen	bonds	of	4,4,4‐trinitrobutanoyl	azide	(4).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H2	 O1	 −x,	1−y,	−z	 2.535	 0.96	 3.373	 144.7	
C2	 H1	 O7	 1−x,	1−y,	−z	 2.386	 1.00	 3.221	 141.3	
	
Table	A3.6	Hydrogen	bonds	of	3,3,3‐trinitropropan‐1‐ammonium	chloride	(6a).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
N4	 H6	 O7	 	 1.909	 0.88	 2.779	 168.7	
N4	 H7	 Cl1	 −x+1,	−y+2,	−z+1	 2.549	 0.88	 3.254	 137.6	
N4	 H7	 O5	 x+1,	y+1,	z	 2.574	 0.88	 3.206	 129.3	
N4	 H8	 Cl1	 	 2.273	 0.88	 3.146	 169.6	
O7	 H9	 Cl1	 x+1,	y,	z	 2.469	 0.82	 3.235	 155.2	







D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
N4	 H5	 O9	 −x+1,	y−0.5,	−z+½	 1.948	 0.91	 2.859	 173.6	
N4	 H6	 O7	 	 1.957	 0.90	 2.818	 160.0	
N4	 H6	 N5	 	 2.667	 0.90	 3.391	 138.3	
N4	 H7	 O7	 −x+2,	y−0.5,	−z+0.5	 2.080	 0.92	 2.954	 158.0	
N4	 H7	 O9	 −x+2,	y−0.5,	−z+0.5	 2.361	 0.92	 3.094	 136.5	
N4	 H7	 N5	 −x+2,	y−0.5,	−z+0.5	 2.570	 0.92	 3.465	 164.4	
C2	 H2	 O7	 −x+2,	y−0.5,	−z+0.5	 2.546	 0.91	 3.286	 138.4	
	
Table	A3.8	Hydrogen	bonds	of	3,3,3‐trinitropropan‐1‐ammonium	dinitramide	(6d).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C1	 H4	 O3	 	 2.398	 0.990	 3.027	 120.79	
C1	 H5	 O4	 	 2.828	 0.990	 3.446	 121.23	
C2	 H7	 O4	 	 2.930	 0.990	 3.608	 126.54	
C1	 H5	 O2	 −x,	−y,	1−z	 2.485	 0.990	 3.439	 161.87	
N1	 H1	 O7	 −1+x,	−1+y,	z	 2.425	 0.892	 3.281	 161.01	
C4	 H12	 O6	 	 2.935	 0.990	 3.887	 161.55	
C2	 H7	 O10	 −1+x,	y,	z	 2.709	 0.990	 3.673	 164.62	
C1	 H4	 O11	 x,	−1+y,	z	 2.487	 0.990	 3.146	 123.74	
N1	 H2	 O15	 −1+x,	y,	z	 2.056	 0.904	 2.960	 178.00	
N1	 H2	 O16	 −1+x,	y,	z	 2.600	 0.904	 3.221	 126.51	
C2	 H6	 O13	 	 2.574	 0.990	 3.460	 148.97	
N1	 H3	 O19	 	 2.000	 0.898	 2.845	 156.46	
C2	 H6	 O19	 	 2.579	 0.990	 3.460	 134.42	
N5	 H9	 O16	 	 2.790	 0.893	 3.422	 128.91	
C5	 H14	 O14	 	 2.641	 0.990	 3.605	 164.55	
N5	 H10	 O14	 1+x,	y,	z	 2.256	 0.921	 2.966	 133.51	
N5	 H10	 O16	 2−x,	1−y,	−z	 2.356	 0.921	 3.089	 136.31	
C5	 H13	 O20	 x,	1+y,	z	 2.508	 0.990	 3.334	 140.81	
N5	 H8	 O19	 1−x,	1−y,	−z	 2.147	 0.875	 2.990	 161.70	






D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 ∠,	DHA	
C2	 H3	 O6	 −1+x,	y,	z	 2.673	 0.95	 3.556	 155.5	
C5	 H6	 O10	 −1+x,	y,	z	 2.612	 0.94	 3.388	 140.4	
C2	 H4	 O7	 −x,	1−y,	1−z	 2.509	 0.96	 3.391	 152.1	







	 4	 5	 6	 7	
formula	 C7H10N8O13	 C8H10N8O14	 C8H8N6O16	 C4H6N4O8	
formula	weight	[g	mol–1]	 414.20	 442.21	 444.18	 238.11	
temperature	[K]	 173	 173	 173	 173	
crystal	system	 orthorhombic	 monoclinic	 monoclinic	 orthorhombic	
space	group	(No.)	 Pccn	(56)	 P21/c	(14)	 P21/c	(14)	 Pbca	(61)	
a	[Å]	 12.2453(6)	 9.8760(6)	 10.9196(7)	 7.3738(3)	
b	[Å]	 40.795(3)	 15.2750(10)	 6.7591(4)	 9.7135(4)	
c	[Å]	 9.3517(4)	 11.2720(9)	 11.8923(8)	 25.2033(10)	
α	[°]	 90	 90	 90	 90	
β	[°]	 90	 93.027(7)	 98.330(5)	 90	
γ	[°]	 90	 90	 90	 90	
V	[Å3]	 4671.6(5)	 1698.1(2)	 868.5(1)	 1805.2(1)	
Z	 12	 4	 2	 8	
ρcalc.	[g	cm–3]	 1.767	 1.730	 1.699	 1.752	
μ	[mm–1]	 0.171	 0.167	 0.169	 0.172	
F(000)	 2544	 904	 452	 976	
crystal	habit	 colorless	plate	 colorless	block	 colorless	plate	 colorless	plate	
crystal	size	[mm]	 0.18×0.16×0.02	 0.32×0.25×0.22	 0.24×0.15×0.09	 0.38×0.24×0.01	
q	range	[°]	 4.43	–	30.23	 4.24	–	28.22	 4.57	–	32.02	 4.83	–	32.17	
index	ranges	 –7	≤	h	≤	15	 –12	≤	h	≤	12	 –11	≤	h	≤	13	 –7	≤	h	≤	9	
	 –50	≤	k	≤	40	 –17	≤	k	≤	18	 –7	≤	k	≤	8	 –10	≤	k	≤	12	
	 –6	≤	l	≤	11	 –13	≤	l	≤	13	 –10	≤	l	≤	14	 –31	≤	l	≤	31	
reflections	measured	 13453	 6716	 3723	 13212	
reflections	independent	 4756	 3321	 1582	 1835	
reflections	unique	 3554	 2541	 1361	 1707	
Rint	 0.0632	 0.0231	 0.0195	 0.0183	
R1,	wR2	(2σ	data)	 0.0938,	0.1201	 0.0385,	0.0568	 0.0370,	0.0443	 0.0284,	0.0308	
R1,	wR2	(all	data)	 0.1745,	0.1856	 0.0777,	0.0869	 0.0854,	0.0902	 0.0681,	0.0695	
data/restraints/parameters	 4756/5/494	 3321/0/311	 1582/0/152	 1835/0/169	
GOOF	on	F2	 1.175	 1.019	 1.060	 1.062	
residual	el.	density	[e	Å−3]	 −0.330/0.356	 −0.358/0.323	 −0.255/0.333	 −0.161/0.270	





	 8	 9	 10	
formula	 C4H5N5O10	 C5H7N7O12	 C5H6N8O14	
formula	weight	[g	mol–1]	 283.11	 357.02	 402.15	
temperature	[K]	 295	 173	 173	
crystal	system	 orthorhombic	 monoclinic	 monoclinic	
space	group	(No.)	 Pccn	(56)	 P21/c	(14)	 Pc	(7)	
a	[Å]	 10.5771(6)	 18.5978(12)	 5.9260(3)	
b	[Å]	 23.7040(12)	 9.6138(3)	 11.3220(4)	
c	[Å]	 8.8283(4)	 11.5247(5)	 11.9577(6)	
α	[°]	 90	 90	 90	
β	[°]	 90	 106.059(6)	 118.944(4)	
γ	[°]	 90	 90	 90	
V	[Å3]	 2213.3(2)	 1980.2(2)	 702.1(1)	
Z	 8	 2	 2	
ρcalc.	[g	cm–3]	 1.699	 1.797	 1.902	
μ	[mm–1]	 0.171	 0.178	 0.192	
F(000)	 1152	 1092	 408	
crystal	habit	 colorless	block	 colorless	plate	 colorless	needle	
crystal	size	[mm]	 0.10×0.10×0.09	 0.10×0.08×0.02	 0.18×0.05×0.02	
q	range	[°]	 3.12	–	23.83	 4.42	–	27.61	 5.27	–	30.01	
index	ranges	 –12	≤	h	≤	11	 –22	≤	h	≤	22	 –8	≤	h	≤	7	
	 –26	≤	k	≤	26	 –11	≤	k	≤	5	 –15	≤	k	≤	15	
	 –10	≤	l	≤	9	 –13	≤	l	≤	8	 –16	≤	l	≤	15	
reflections	measured	 29604	 6861	 6578	
reflections	independent	 1698	 3669	 3144	
reflections	unique	 1297	 2864	 2770	
Rint	 0.0282	 0.0211	 0.0414	
R1,	wR2	(2σ	data)	 0.0840,	0.1020	 0.0424,	0.0611	 0.0367,	0.0448	
R1,	wR2	(all	data)	 0.2392,	0.2577	 0.0886,	0.0981	 0.0759,	0.0817	
data/restraints/parameters	 1698/0/176	 3669/0/353	 3144/2/323	
GOOF	on	F2	 1.083	 1.034	 1.032	
residual	el.	density	[e	Å−3]	 −0.342/0.409	 −0.231/0.348	 −0.221/0.270	










D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H2	 O8	 0.5−x,	y,	−0.5+z	 2.791	 0.89	 3.682	 174.9	
C3	 H3	 O18	 x,	y,	z	 2.643	 0.95	 3.583	 166.9	
C3	 H3	 O19	 0.5−x,	y,	−0.5+z	 2.728	 0.95	 3.450	 133.7	
C3	 H3	 O20	 x,	y,	z	 2.907	 0.95	 3.823	 160.0	
C3	 H4	 O16	 x,	y,	−1+z	 2.611	 1.03	 3.624	 169.2	
C3	 H4	 O19	 x,	y,	−1+z	 2.556	 1.03	 3.384	 136.6	
N4	 H5	 O19	 x,	y,	−1+z	 2.829	 0.69	 3.323	 130.8	
N4	 H5	 O21	 x,	y,	−1+z	 2.976	 0.69	 3.533	 139.2	
N4	 H5	 O7	 0.5−x,	y,	−0.5+z	 2.349	 0.69	 2.985	 154.0	
N5	 H6	 O7	 0.5−x,	y,	−0.5+z	 2.151	 0.85	 2.946	 154.7	
C5	 H7	 O12	 −0.5+x,	−y,	−0.5−z	 2.487	 1.11	 3.463	 145.4	
C5	 H8	 O9	 −x,	−y,	−z	 2.756	 1.05	 3.535	 131.2	
C9	 H11	 O5	 x,	y,	z	 2.555	 0.95	 3.503	 174.6	
C9	 H12	 O1	 x,	y,	−1+z	 2.895	 0.89	 3.697	 151.0	
C9	 H12	 O2	 x,	y,	−1+z	 2.896	 0.89	 3.647	 143.2	
C10	 H13	 O2	 x,	0.5−y,	−0.5+z	 2.772	 1.01	 3.586	 138.3	
C10	 H14	 O14	 x,	0.5−y,	−0.5+z	 2.743	 0.98	 3.702	 165.8	







D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H1	 O9	 x,	y,	z	 2.836	 0.96	 3.279	 131.0	
C2	 H1	 O5	 x,	0.5−y,	−0.5+z	 2.572	 0.96	 3.625	 140.5	
C2	 H2	 O13	 1+x,	y,	z	 2.895	 0.93	 3.694	 135.6	
C2	 H2	 O1	 x,	0.5−y,	−0.5+z	 2.968	 0.93	 3.715	 147.4	
C3	 H3	 O10	 2−x,	0.5+y,	1.5−z	 2.641	 0.97	 3.604	 172.7	
N4	 H5	 O14	 x,	y,	z	 2.061	 0.84	 2.845	 155.5	
C6	 H6	 O1	 1+x,	0.5−y,	0.5+z	 2.977	 0.96	 3.859	 154.1	
C6	 H7	 O5	 x,	0.5−y,	0.5+z	 2.945	 0.93	 3.785	 150.2	
C7	 H8	 O3	 1+x,	y,	z	 2.860	 0.96	 3.789	 163.4	
N8	 H10	 O7	 1+x,	y,	z	 2.054	 0.84	 2.845	 157.8	
	
Table	A4.5	Hydrogen	bonds	of	bis(3,3,3‐trinitropropyl)	oxalate	(6).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H2	 O7	 x,	0.5−y,	0.5+z	 2.687	 0.96	 3.446	 136.6	
C3	 H3	 O1	 −x,	0.5+y,	0.5−z	 2.611	 0.95	 3.204	 121.1	
C3	 H3	 O8	 x,	0.5−y,	0.5+z	 2.664	 0.95	 3.458	 142.0	
C3	 H4	 O4	 x,	−1+y,	z	 2.809	 0.94	 3.460	 127.3	
C3	 H4	 O5	 1−x,	−0.5+y,	0.5−z	 2.847	 0.94	 3.727	 129.5	
C3	 H4	 O6	 1−x,	−0.5+y,	0.5−z	 2.882	 0.94	 3.554	 156.4	
	
Table	A4.6	Hydrogen	bonds	of	3,3,3‐trinitropropyl	carbamate	(7).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
N1	 H1	 O1	 1−x,	−y,	−z	 2.074	 0.86	 2.925	 170.4	
N1	 H2	 O1	 0.5−x,	0.5+y,	z	 2.090	 0.85	 2.938	 174.0	
C2	 H3	 O8	 0.5−x,	−0.5+y,	z	 2.633	 0.95	 3.378	 135.1	
C2	 H4	 O7	 −0.5−x,	−0.5+y,	z	 2.784	 0.98	 3.457	 126.3	
C3	 H5	 O3	 −0.5−x,	−0.5+y,	z	 2.614	 0.98	 3.380	 135.4	







D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
N2	 H1	 O3	 0.5−x,	y,	−0.5+z	 1.922	 0.94	 2.784	 150.7	
N2	 H1	 O2	 0.5−x,	y,	−0.5+z	 2.318	 0.94	 3.034	 132.2	
C2	 H2A	 O1	 −0.5+x,	1−y,	0.5−z	 2.796	 0.97*	 3.718	 159.1	
C3	 H3A	 O2	 −0.5+x,	1−y,	0.5−z	 2.574	 0.97*	 3.285	 130.3	
C3	 H3B	 O7	 −0.5−x,	y,	−0.5+z	 2.875	 0.97*	 3.622	 134.5	






D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H1	 O3	 x,	1.5−y,	−0.5+z	 2.533	 0.96	 3.389	 148.2	
N4	 H3	 O5	 1−x,	−0.5+y,	1.5−z	 2.966	 0.92	 3.566	 166.2	
C3	 H4	 O18	 −1+x,	y,	z	 2.768	 0.89	 3.523	 150.3	
C3	 H5	 O7	 x,	0.5−y,	−0.5+z	 2.867	 0.88	 3.258	 133.1	
C3	 H5	 O15	 −1+x,	1.5−y,	0.5+z	 2.575	 0.88	 3.370	 136.5	
C4	 H6	 O4	 1−x,	1−y,	1−z	 2.589	 0.88	 3.574	 148.7	
C4	 H7	 O9	 x,	0.5−y,	−0.5+z	 2.817	 0.94	 3.622	 138.0	
C8A	 H8A	 O10	 1−x,	−0.5+y,	0.5−z	 2.496	 0.99*	 3.622	 138.8	
C8A	 H8A	 O14	 2−x,	−0.5+y,	0.5−z	 2.666	 0.99*	 3.306	 135.9	
C8A	 H9A	 O12	 −1+x,	y,	z	 2.640	 0.99*	 3.447	 171.3	
C7A	 H10A	 O11	 1−x,	1−y,	−z	 2.850	 0.99*	 3.810	 163.6	






D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H1	 O3	 x,	1.5−y,	−0.5+z	 2.533	 0.96	 3.389	 148.2	
N4	 H3	 O5	 1−x,	−0.5+y,	1.5−z	 2.966	 0.92	 3.566	 166.2	
C3	 H4	 O18	 −1+x,	y,	z	 2.768	 0.89	 3.523	 150.3	
C3	 H5	 O7	 x,	0.5−y,	−0.5+z	 2.867	 0.88	 3.258	 133.1	
C3	 H5	 O15	 −1+x,	1.5−y,	0.5+z	 2.575	 0.88	 3.370	 136.5	
C4	 H6	 O4	 1−x,	1−y,	1−z	 2.589	 0.88	 3.574	 148.7	
C4	 H7	 O9	 x,	0.5−y,	−0.5+z	 2.817	 0.94	 3.622	 138.0	
C8A	 H8A	 O10	 1−x,	−0.5+y,	0.5−z	 2.496	 0.99*	 3.622	 138.8	
C8A	 H8A	 O14	 2−x,	−0.5+y,	0.5−z	 2.666	 0.99*	 3.306	 135.9	
C8A	 H9A	 O12	 −1+x,	y,	z	 2.640	 0.99*	 3.447	 171.3	
C7A	 H10A	 O11	 1−x,	1−y,	−z	 2.850	 0.99*	 3.810	 163.6	






4	 5	 6	 7	 8	 9	 10	 AP	
density	RT	 1.75 1.71 1.67 1.73	 1.70 1.78 1.89 1.95	
formula	 C7H10N8O13 C8H10N8O14 C8H8N6O16 C4H6N4O8	 C4H5N5O10 C5H7N7O12 C5H6N8O14 NH4ClO4	
∆H°f	[kJ	mol–1]	 –359.1 –522.3 –789.4 –503.5	 –401.7 –86.4 –66.8 –295.8	
∆U°f	[kJ	kg–1]	 –774.1 –1091.5 –1693.5 –2021.0	 –1331.3 –151.7 –79.7 –2623.2	
Qv	[kJ	kg–1]	 –5385 –5095 –5126 –4662	 –5809 –6565 –6377 –1422	
Tex	[K]	 3692 3605 3808 3328	 4175 4445 4420 1735	
V0	[L	kg–1]	 739 732 724 724	 755 738 756 885	
PCJ	[kbar]	 294 268 256 265	 269 330 367 158	
VDet	[m	s–1]	 8227 7937 7732 7896	 8134 8713 9119 6368	
Is	[s]	 254 245 250 237	 256 272 264 157	
Is	[s]	(5%	Al)	 259 253 255 246	 257 273 266 198	
Is	[s]	(10%	Al)	 265 259 257 252	 260 274 268 224	
Is	[s]	(15%	Al)	 267 263 259 256	 261 274 269 235	
Is	[s]	(20%	Al)	 268 267 260 262	 262 274 269 244	
Is	[s]	(25%	Al)	 257 247 258 252	 261 271 267 247	
Is	[s]	(30%	Al)	 245 240 246 242	 254 262 262 247	
Is	[s]	(5%	Al,	14%	binder)	 227 220 223 213	 238 254 261 250	
Is	[s]	(10%	Al,	14%	binder)	 242 235 237 227	 247 261 266 257	






4	 5	 6	 7	 8	 9	 10	
moiety	 urea	 oxamide	 oxalate	 carbamate	 nitrocarbamate	 amine	 nitramine	
propyl	vs	ethyl	 propyl	 ethyl	 propyl ethyl	 propyl ethyl	 propyl	 ethyl	 propyl	 ethyl	 propyl ethyl	 propyl ethyl	
Tm	[°C	(onset)	 ‐	 185	 ‐ n.a. 121 115 78 91 68 109 65 114 141 94	
Tdec	[°C]	(onset)	 160	 187	 181 n.a. 170 186 152 169 134 153 96 114 153 96	
IS	[J]	 20	 3	 10 n.a. >	40 10 >	40 40 >	30 10 7 5 7 2	
FS	[N]		 120	 160	 160 n.a. >	360 >	360 >	360 64 >	288 96 120 120 160 64	
N	[%]	 27.1	 29.0	 25.3 27.1 18.9 20.2 23.5 25.0 24.7 26.0 27.5 28.6 27.9 28.9	
O	[%]		 50.2	 53.9	 50.7 54.1 57.6 61.5 53.8 57.1 56.5 59.5 53.8 56.0 55.7 57.7	
N+O	[%]	 77.3	 82.9	 76.0 81.2 76.5 81.7 77.3 82.1 81.2 85.5 81.3 84.6 83.6 86.6	
ΩCO	[%]	 +3.9	 +20.7	 +3.6 +19.3 +14.4 +30.8 +6.7 +21.4 +19.8 +32.7 +15.7 +25.7 +23.9 +33.0	
ΩCO2	[%]	 –20.2	 +0.0	 –20.3 –3.9 –14.4 +7.7 –20.2 0.0 –2.8 +14.9 –6.7 +7.0 +4.0 +16.5	
density	[g	cm–3]	 1.75	 1.86	 1.71 1.80 1.67 1.86 1.73 1.82 1.70 1.72 1.78 1.84 1.89 1.92	
ΔfHm°	[kJ	mol–1]	 –359.1	 –306.8	 –522.3 –446.5 –789.4 –689.1 –503.5 −459.1 –401.7 −366.1 –86.4 –74.8 –66.8 –5.7	






	 1	 4	 5	
formula	 C6H4N6O16	 C4H3N7O9	 C6H5N7O16	
formula	weight	[g	mol–1]	 416.12	 293.11	 431.14	
temperature	[K]	 173	 173	 173	
crystal	system	 monoclinic	 monoclinic	 orthorhombic	
space	group	(No.)	 P21/c	(14)	 P21/c	(14)	 Fdd2	(43)	
a	[Å]	 10.5849(5)	 6.3221(3)	 16.4396(10)	
b	[Å]	 21.6214(11)	 16.7221(8)	 14.8283(9)	
c	[Å]	 6.5071(3)	 10.0367(5)	 12.0446(7)	
α	[°]	 90	 90	 90	
β	[°]	 98.485(5)	 103.147(5)	 90	
γ	[°]	 90	 90	 90	
V	[Å3]	 1472.92(12)	 1033.26(9)	 2936.1(3)	
Z	 4	 4	 8	
ρcalc.	[g	cm–3]	 1.877	 1.788	 1.951	
μ	[mm–1]	 0.193	 0.177	 0.199	
F(000)	 840	 560	 1744	
crystal	habit	 colorless	block	 colorless	block	 colorless	block	
crystal	size	[mm]	 0.30⨯0.21⨯0.17	 0.40⨯0.40⨯0.15	 0.35⨯0.31⨯0.22	
q	range	[°]	 4.72	–	32.07	 4.43	–	30.18	 4.62	–	24.63	
index	ranges	 –15	≤	h	≤	15	 –7	≤	h	≤	7	 –20	≤	h	≤	21	
	 –32	≤	k	≤	30	 –20	≤	k	≤	20	 –19	≤	k	≤	18	
	 –9	≤	l	≤	9	 –12	≤	l	≤	12	 –16	≤	l	≤	16	
reflections	measured	 11888	 15471	 9438	
reflections	independent	 3002	 2107	 1767	
reflections	unique	 2502	 1782	 1494	
Rint	 0.0234	 0.0260	 0.0489	
R1,	wR2	(2σ	data)	 0.0285,	0.0378	 0.0325,	0.0407	 0.0386,	0.0547	
R1,	wR2	(all	data)	 0.0686,°0.0637	 0.0715,	0.0756	 0.0724,	0.0821	
data/restraints/parameters	 3002/0/269	 2107/0/180	 1767/1/142	
GOOF	on	F2	 1.021	 1.034	 1.131	
residual	el.	density	[e	Å−3]	 –0.209/0.306	 –0.197/0.220	 –0.229/0.062	





D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
C2	 H1	 O15	 x,	−1+y,	−1+z	 2.997	 0.975	 3.894	 153.44	
C2	 H1	 O16	 x,	−1+y,	−1+z	 2.751	 0.975	 3.582	 143.46	
C2	 H2	 O9	 1−x,	1−y,	2−z	 2.470	 0.961	 3.320	 147.37	
C5	 H3	 O5	 1−x,	1−y,	1−z	 2.533	 0.958	 3.341	 141.92	
C5	 H3	 O6	 1−x,	1−y,	1−z	 2.794	 0.958	 3.692	 156.26	
C5	 H4	 O12	 x,	y,	−1+z	 2.536	 0.939	 3.231	 131.04	
C5	 H4	 O13	 x,	1.5−y,	0.5+z	 2.845	 0.939	 3.714	 154.25	
	
Table	A5.3	Hydrogen	bonds	of	2,2,2‐trinitroethyl	azido(oxo)acetate	(4).	
D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
C3	 H2	 O1	 −1+x,	y,	z	 2.611	 0.94	 3.405	 142.19	
C3	 H1	 O2	 x,	0.5−y,	−0.5+z	 2.461	 0.95	 3.287	 144.96	
	
Table	A5.4	Hydrogen	bonds	of	bis(2,2,2‐trinitroethyl)	imidodicarboxylate	(5).	
D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
C2	 H1	 O1	 1.25−x,	0.25+y,	0.25+z	 2.633	 0.985	 3.467	 142.53	
C2	 H2	 O7	 1−x,	0.5−y,	−0.5+z	 2.908	 0986	 3.775	 147.23	
C2	 H2	 O8	 1−x,	0.5−y,	−0.5+z	 2.608	 0.986	 3.550	 159.98	
N1	 H3	 O5	 1.25−x,	0.25+y,	0.25+z	 2.470	 0.879	 3.129	 132.10	





	 1	 3	 4	 5	 6	 7	 AP	
density	RT	 1.84 1.73 1.75	 1.92 1.63 1.50 1.95	
formula	 C6H4N6O16 C7H6N6O16 C4H2N6O9	 C6H5N7O16 C7H7N7O15 C4H3N7O9 NH4ClO4	
∆H°f	[kJ	mol–1]	 –688.0 –705.2 –170.5	 –775.2 –645.7 –271.4 –295.8	
∆U°f	[kJ	kg–1]	 –1575.9 –1558.7 –537.3	 –1717.5 –1420.7 –845.7 –2623.2	
Qv	[kJ	kg–1]	 –5177 –5839 –5701	 –5062 –5371 –5199 –1422	
Tex	[K]	 3943 4262 4394	 3936 4028 4219 1735	
V0	[L	kg–1]	 705 711 707	 724 741 745 885	
PCJ	[kbar]	 286 270 280	 237 241 189 158	
VDet	[m	s–1]	 8275 8071 8223	 8675 7703 7213 6368	
Is	[s]	 240 252 250	 240 252 247 157	
Is	[s]	(5%	Al)	 246 255 253	 246 256 251 198	
Is	[s]	(10%	Al)	 248 256 255	 249 256 253 224	
Is	[s]	(15%	Al)	 250 257 257	 250 259 255 235	
Is	[s]	(20%	Al)	 251 258 258	 252 260 256 244	
Is	[s]	(25%	Al)	 251 257 255	 252 258 252 247	
Is	[s]	(30%	Al)	 249 251 246	 249 248 241 247	
Is	[s]	(5%	Al,	14%	binder)	 243 236 237	 237 229 226 250	
Is	[s]	(10%	Al,	14%	binder)	 250 245 246	 245 240 238 257	
































































D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
C2	 H1	 O7	 x,−y,	−0.5+z	 2.684	 0.961	 3.548	 149.87	
C2	 H1	 O8	 x,	−y,	−0.5+z	 2.945	 0.961	 3.761	 143.45	
C3	 H3	 O6	 x,	y,	z	 2.694	 0.958	 3.489	 140.84	
C3	 H3	 O13	 x,	−1+y,	z	 2.594	 0.958	 3.337	 134.58	
C3	 H4	 O1	 −1+x,	y	,z	 2.376	 0.986	 3.337	 164.58	
C4	 H5	 O1	 x,	y,	z	 2.411	 0.936	 3.077	 128.05	
C4	 H5	 O4	 −1+x,	y,	z	 2.782	 0.936	 3.415	 125.77	
C4	 H6	 O12	 x,	y,	z	 2.385	 0.976	 3.262	 149.22	
C7	 H8	 O18	 x,	1−y,	−0.5+z	 2.572	 0.977	 3.293	 130.62	
C8	 H9	 O5	 1+x,	1−y,	−0.5+z	 2.725	 1.010	 3.440	 127.98	
C8	 H9	 O21	 x,	y,	z	 2.538	 1.010	 3.371	 139.58	
C8	 H10	 O10	 −1+x,	y,	z	 2.428	 0.961	 3.339	 158.00	
C9	 H11	 O3	 −1+x,	y,	z	 2.615	 0.915	 3.333	 135.87	
C9	 H12	 O10	 x,	y,	z	 2.330	 1.002	 4.198	 127.41	
C9	 H12	 O16	 −1+x,	y,	z	 2.682	 1.002	 3.314	 121.22	
	
Table	A6.3	Hydrogen	bonds	of	3‐(nitro‐(2,2,2‐trinitroethyl)amino)propanoyl	azide	(4).	
D‒H···A	 sym.	of	A	 H···A	 D‒H	 D···A	 angle,	DHA	
C2	 H2	 O5	 0.5+x,	0.5−y,	−0.5+z	 1.016	 2.862	 3.514	 122.49	
C3	 H3	 O6	 x,	y,	z	 0.996	 2.342	 3.184	 120.61	
C3	 H4	 O2	 −0.5−x,	−0.5+y,	0.5−z	 0.957	 2.931	 3.516	 141.71	
C4	 H6	 O1	 x,	y,	z	 0.958	 2.381	 3.097	 131.11	





	 1	 3	 4	 5	 6	 8	 AP	
density	RT	 1.72 1.73 1.70 1.89 1.66 1.65 1.95	
formula	 C5H7N5O10 C7H8N8O16 C5H6N8O9 C7H8N10O18 C6H7N5O12 C8H8N8O18 NH4ClO4	
∆H°f	[kJ	mol–1]	 −463.1 −398.4 98.3 −292.8 −824.5 −777.5 –295.8	
∆U°f	[kJ	kg–1]	 −1466.9 −779.5 393.5 −477.1 −2329.5 −1458.5 –2623.2	
Qv	[kJ	kg–1]	 −5108 −6110 −5700 −6328 −4502 −5601 –1422	
Tex	[K]	 3610 4315 4059 4355 3399 4152 1735	
V0	[L	kg–1]	 738 740 761 746 734 735 885	
PCJ	[kbar]	 277 292 291 365 234 247 158	
VDet	[m	s–1]	 7987 8300 8285 9083 7515 7801 6368	
Is	[s]	 247 252 259 250 233 244 155	
Is	[s]	(10%	Al)	 255 258 266 257 244 251 219	
Is	[s]	(15%	Al)	 258 260 268 259 248 253 232	
Is	[s]	(20%	Al)	 260 262 262 261 251 255 240	
Is	[s]	(10%	Al,	14%	binder)	 235 249 236 255 222 239 253	
Is	[s]	(11%	Al,	14%	binder)	 237 250 236 256 227 241 254	
Is	[s]	(12%	Al,	14%	binder)	 237 249 236 257 229 242 254	
Is	[s]	(13%	Al,	14%	binder)	 237 247 236 257 229 241 255	
Is	[s]	(14%	Al,	14%	binder)	 236 246 237 253 231 240 256	
Is	[s]	(15%	Al,	14%	binder)	 235 245 237 249 230 240 256	






	 1	 3	 4	
formula	 C3H5N3O2	 C3H6N2O4	 C3H8N4O3	
formula	weight	[g	mol–1]	 115.10	 134.10	 148.13	
temperature	[K]	 123	 123	 173	
crystal	system	 monoclinic	 monoclinic	 monoclinic	
space	group	(No.)	 P21/c	(14)	 P21/c	(14)	 P21/c	(14)	
a	[Å]	 6.0991(7)	 5.8782(3)	 10.8689(12)	
b	[Å]	 16.8867(14)	 9.1488(5)	 6.0536(5)	
c	[Å]	 5.5884(7)	 10.2741(5)	 9.7660(8)	
α	[°]	 90	 90	 90	
β	[°]	 117.146(15)	 93.968(4)	 100.440(9)	
γ	[°]	 90	 90	 90	
V	[Å3]	 512.17(11)	 551.20(5)	 631.93(10)	
Z	 4	 4	 4	
ρcalc.	[g	cm–3]	 1.493	 1.616	 1.557	
μ	[mm–1]	 0.126	 0.151	 0.136	
F(000)	 240	 280	 312	
crystal	habit	 colorless	needle	 colorless	plate	 colorless	block	
crystal	size	[mm]	 0.38×0.05×0.05	 0.28×0.23×0.05	 0.15×0.14×0.10	
q	range	[°]	 4.71	–	31.49	 4.55	–	32.14	 4.59	–	27.59	
index	ranges	 –7	≤	h	≤	6	 –7	≤	h	≤	6	 –13	≤	h	≤	13	
	 –20	≤	k	≤	21	 –11	≤	k	≤	11	 –7	≤	k	≤	6	
	 –6	≤	l	≤	6	 –12	≤	l	≤	12	 –12	≤	l	≤	12	
reflections	measured	 3726	 4028	 3982	
reflections	independent	 1039	 1129	 1297	
reflections	unique	 905	 997	 967	
Rint	 0.0239	 0.0208	 0.0337	
R1,	wR2	(2σ	data)	 0.0306,	0.0356	 0.0284,	0.0334	 0.0385,	0.0585	
R1,	wR2	(all	data)	 0.0767,	0.0799	 0.0726,	0.0758	 0.0909,	0.1044	
data/restraints/parameters	 1039/0/93	 1129/0/106	 1297/0/123	
GOOF	on	F2	 1.056	 1.067	 1.072	
residual	el.	density	[e	Å−3]	 –0.247/0.138	 –0.184/0.249	 –0.230/0.221	





	 6	 8	 9	
formula	 C3H5N5O3	 C3H5N2O3Cl	 C6H12N6O6	
formula	weight	[g	mol–1]	 159.12	 153.54	 264.22	
temperature	[K]	 173	 123	 123	
crystal	system	 monoclinic	 monoclinic	 triclinic	
space	group	(No.)	 P21/c	(14)	 P21/n	(14)	 P−1	(2)	
a	[Å]	 11.4947(8)	 9.3803(6)	 6.3435(4)	
b	[Å]	 5.5082(3)	 5.0836(3)	 8.6488(8)	
c	[Å]	 10.8210(7)	 13.0278(7)	 10.5766(9)	
α	[°]	 90	 90	 99.172(7)	
β	[°]	 105.170(7)	 97.423(6)	 91.181(6)	
γ	[°]	 90	 90	 105.107(7)	
V	[Å3]	 661.26(8)	 616.03(6)	 551.88(8)	
Z	 4	 4	 2	
ρcalc.	[g	cm–3]	 1.598	 1.645	 1.590	
μ	[mm–1]	 0.141	 0.553	 0.141	
F(000)	 328	 312	 276	
crystal	habit	 colorless	plate	 colorless	block	 colorless	plate	
crystal	size	[mm]	 0.19×0.12×0.14	 0.40×0.40×0.40	 0.25×0.10×0.02	
q	range	[°]	 4.72	–	27.98	 4.72	–	31.88	 4.96	–	31.08	
index	ranges	 –14	≤	h	≤	14	 –11	≤	h	≤	11	 –7	≤	h	≤	7	
	 –6	≤	k	≤	6	 –6	≤	k	≤	5	 –10	≤	k	≤	10	
	 –7	≤	l	≤	13	 –16	≤	l	≤	16	 –13	≤	l	≤	12	
reflections	measured	 4040	 4529	 4196	
reflections	independent	 1287	 1262	 2233	
reflections	unique	 1028	 1123	 1725	
Rint	 0.0311	 0.0203	 0.0286	
R1,	wR2	(2σ	data)	 0.0392,	0.0521	 0.0246,	0.0285	 0.0385,	0.0562	
R1,	wR2	(all	data)	 0.0911,	0.1005	 0.0621,	0.0637	 0.0894,	0.0996	
data/restraints/parameters	 1287/0/103	 1262/0/102	 2233/0/211	
GOOF	on	F2	 1.052	 1.082	 1.020	
residual	el.	density	[e	Å−3]	 –0.280/0.216	 –	0.229/0.269	 –0.222/0.258	







	 11	 12	 13	
formula	 C3H7N3O3	 C6H8N6O11	 C3H6N4O5	
formula	weight	[g	mol–1]	 133.12	 340.16	 178.12	
temperature	[K]	 123	 123	 100	
crystal	system	 monoclinic	 monoclinic	 orthorhombic	
space	group	(No.)	 P21/n	(14)	 P21/c	(14)	 Fdd2	(43)	
a	[Å]	 4.8748(5)	 12.6522(12)	 18.0701	
b	[Å]	 11.0812(11)	 9.2288(5)	 31.2233(17)	
c	[Å]	 11.1178(12)	 11.6546(8)	 4.8664(3)	
α	[°]	 90	 90	 90	
β	[°]	 96.203(9)	 108.379(9)	 90	
γ	[°]	 90	 90	 90	
V	[Å3]	 597.05(11)	 1291.43(18)	 2745.7(3)	
Z	 4	 4	 16	
ρcalc.	[g	cm–3]	 1.481	 1.750	 1.724	
μ	[mm–1]	 0.131	 0.170	 0.163	
F(000)	 280	 696	 1472	
crystal	habit	 colorless	needle	 colorless	block	 colorless	rod	
crystal	size	[mm]	 0.40×0.18×0.18	 0.35×0.30×0.10	 0.25×0.20×0.15	
q	range	[°]	 4.77	–	31.01	 4.51	–	27.76	 3.45	–	26.33	
index	ranges	 –5	≤	h	≤	6	 –15	≤	h	≤	14	 –22	≤	h	≤	22	
	 –11	≤	k	≤	13	 –10	≤	k	≤	11	 –38	≤	k	≤	35	
	 –13	≤	l	≤	13	 –14	≤	l	≤	13	 –5	≤	l	≤	6	
reflections	measured	 4373	 8926	 7830	
reflections	independent	 1201	 2642	 1367	
reflections	unique	 987	 1964	 1317	
Rint	 0.0288	 0.0421	 0.0415	
R1,	wR2	(2σ	data)	 0.0347,	0.0452	 0.0403,	0.0623	 0.0569,	0.0598	
R1,	wR2	(all	data)	 0.0860,	0.0939	 0.0890,	0.1021	 0.1137,	0.1160	
data/restraints/parameters	 1201/0/110	 2642/0/240	 1367/1/123	
GOOF	on	F2	 1.075	 1.048	 1.105	
residual	el.	density	[e	Å−3]	 –0.254/0.163	 −0.253/0.261	 –0.567/0.627	







D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H2	 O2	 −1+x,	y,	−1+z	 2.537	 0.951	 3.206	 127.52	
C3	 H5	 O1	 −1+x,	y,	z	 2.543	 0.947	 3.329	 140.54	
C2	 H1	 O1	 x,	y,	−1+z	 2.399	 0.959	 3.310	 158.78	
C3	 H3	 O2	 x,	y,	−1+z	 2.776	 0.968	 3.426	 125.21	
C3	 H5	 O2	 x,	0.5−y,	0.5+z	 2.799	 0.947	 3.424	 124.31	
	
Table	A7.5	Hydrogen	bonds	of	N‐methyl‐N‐nitroglycine	(3).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
O1	 H6	 C3	 −1+x,	y,	z	 2.806	 0.969	 3.699	 153.66	
C2	 H2	 O4	 −1+x,	y,	z	 2.504	 0.944	 3.398	 157.98	
C2	 H3	 O3	 1−x,	−0.5+y,	1.5−z	 2.448	 0.979	 3.375	 157.87	
C3	 H4	 O3	 1−x,	−0.5+y,	1.5−z	 2.816	 0.967	 3.675	 148.40	
O1	 H1	 O1	 1−x,	1−y,	2−z	 2.986	 0.885	 3.669	 135.33	
O1	 H1	 O2	 1−x,	1−y,	2−z	 1.775	 0.885	 2.659	 175.94	
C3	 H6	 O4	 x,	0.5−y,	−0.5+z	 2.699	 0.969	 3.473	 137.25	
	
Table	A7.6	Hydrogen	bonds	of	N‐methyl‐N‐nitroglycinoyl	hydrazide	(4).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H4	 O2	 x,	−1+y,	z	 2.607	 0.951	 3.557	 176.64	
C3	 H6	 O2	 x,	−1+y,	z	 2.905	 1.019	 3.848	 154.28	
C3	 H6	 O3	 x,	−1+y	,z	 2.515	 1.019	 3.453	 152.80	
N2	 H2	 O1	 1−x,	−y,	1−z	 2.404	 0.920	 3.203	 145.09	
N2	 H3	 O1	 1−x,	1−y,	1−z	 2.547	 0.887	 3.200	 131.12	
N2	 H3	 O2	 1−x,	1−y,	1−z	 2.698	 0.887	 3.322	 128.38	
C3	 H7	 O2	 x,	0.5−y,	−0.5+z	 2.870	 0.947	 3.751	 155.09	
N1	 H1	 O1	 x,	0.5−y,	−0.5+z	 2.117	 0.817	 2.925	 169.71	







D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H1	 O2	 x,	−1+y,	z	 2.704	 0.961	 3.471	 137.28	
C3	 H3C	 O2	 x,	0.5+y,	0.5−z	 2.626	 0.980	 3.326	 128.55	
C2	 H2	 O3	 x,	0.5+y,	0.5−z	 2.603	 0.919	 3.451	 134.09	
C3	 H3C	 O3	 1−x,	−y,	−z	 2.707	 0.980	 2.539	 142.92	
C3	 H3A	 O2	 x,	0.5−y,	−0.5+z	 2.764	 0.980	 3.558	 138.63	
	
Table	A7.8	Hydrogen	bonds	of	N‐methyl‐N‐nitroglycinoyl	chloride	(8).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H1	 O1	 x,	−1+y,	z	 2.756	 0.958	 3.699	 168.06	
C2	 H1	 O2	 x,	−1+y,	z	 2.658	 0.958	 3.268	 122.00	
C3	 H3	 O3	 x,	−1+y,	z	 2.684	 0.951	 3.278	 121.08	
C3	 H4	 O1	 −0.5‐x,	−0.5+y,	0.5−z	 2.731	 1.007	 3.386	 122.97	
C2	 H2	 O3	 0.5−x,	−0.5+y,0.5−z	 2.542	 0.950	 3.313	 138.42	
C3	 H3	 O2	 0.5−x,	−0.5+y,	0.5−z	 2.808	 0.951	 3.398	 121.05	
C3	 H5	 O3	 −x,	1−y,	−z	 2.568	 0.915	 3.441	 159.83	
	
Table	A7.9	Hydrogen	bonds	of	bis(N‐methyl‐N‐nitroglycinoyl)	hydrazide	(9).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H2	 O3	 −1+x,	y,	z	 2.421	 0.947	 3.198	 139.13	
C3	 H6	 O6	 −x,	1−y,	−z	 2.821	 0.956	 3.624	 141.70	
C3	 H5	 O6	 1−x,	1−y,	−z	 2.862	 0.911	 3.581	 136.90	
N4	 H7	 O1	 −1+x,	−1+y,	z	 2.013	 0.889	 2.838	 153.80	
C5	 H8	 O1	 −1+x,	−1+y,	z	 2.465	 0.947	 3.272	 143.08	
C3	 H4	 O5	 −1+x,	−1+y,	z	 2.815	 0.982	 3.747	 158.71	
C6	 H10	 O2	 1−x,	1−y,	1−z	 2.904	 1.023	 3.917	 170.65	
N1	 H1	 O4	 1−x,	1−y,	1−z	 1.977	 0.871	 2.777	 152.15	
C2	 H3	 O4	 1−x,	1−y,	1−z	 2.509	 0.929	 3.216	 133.04	
C6	 H12	 O1	 1−x,	2−y,	1−z	 2.395	 0.958	 3.334	 166.51	
C6	 H11	 O6	 1−x,	2−y,	−z	 2.799	 0.931	 3.436	 126.53	






D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
N3	 H6	 O3	 −x,	−y,	−z	 2.076	 0.843	 2.886	 160.85	
C1	 H1	 O10	 −x,	−y,	−z	 2.724	 0.971	 3.624	 154.35	
C5	 H8	 O1	 −x,	1−y,	−z	 2.704	 0.964	 3.492	 139.35	
C2	 H4	 O2	 −x,	1−y,	−z	 2.867	 0.944	 3.793	 166.86	
C1	 H3	 O7	 −x,	1−y,	−z	 2.782	 0.906	 3.588	 148.85	
C1	 H2	 O9	 −1+x,	0.5−y,	−0.5+z	 2.828	 0.958	 3.725	 156.35	
C1	 H3	 O10	 −1+x,	0.5−y,	−0.5+z	 2.811	 0.906	 3.494	 133.28	
C2	 H5	 O1	 x,	0.5−y,	−0.5+z	 2.497	 0.954	 3.245	 135.24	
C5	 H7	 O6	 x,	0.5−y,	−0.5+z	 2.463	 0.960	 3.379	 159.54	
	
Table	A7.11	Hydrogen	bonds	of	2‐(methylnitramino)‐N‐nitroacetamide	(13).	
D–H···A	 sym.	of	A	 H···A	 D–H	 D···A	 angle,	DHA	
C2	 H2B	 O3	 x,	y,	−1+z	 2.240	 0.996	 3.157	 152.55	
C3	 H3A	 O1	 −x,	0.5−y,	−0.5+z	 2.802	 0.960	 3.753	 125.32	
C3	 H3B	 O4	 −0.25+x,	0.25−y,	−0.25+z	 2.639	 0.960	 3.552	 159.03	
C2	 H2A	 O5	 −0.25+x,	0.25−y,	0.75+z	 2.295	 0.969	 3.036	 132.55	
N1	 H1	 O4	 −0.25+x,	0.25−y,	0.75+z	 2.394	 0.811	 3.168	 159.74	
N1	 H1	 O5	 −0.25+x,	0.25−y,	0.75+z	 2.555	 0.811	 3.194	 136.68	







	 1	 3	 4	 5	 6	 9	 10	 11	 12	 13	 AP	
density	RT	 1.46	 1.58 1.53 1.72 1.57	 1.55 1.48 1.44 1.71 1.67	 1.48	
formula	 C3H5N3O2	 C3H6N2O4 C3H8N4O3 C5H9N7O9 C3H5N5O3	 C6H12N6O6 C5H7N5O10 C3H7N3O3 C6H8N6O3 C3H6N4O5	 NH4ClO4	
∆H°f	[kJ	mol–1]	 73.6	 −449.3 −151.8 −137.6 109.4	 −317.0 −401.4 −267.8.0 −590.0 −168.7	 –295.8	
∆U°f	[kJ	kg–1]	 747.4	 −3240.1 −899.3 −342.6 788.9	 −1087.3 −1259.0 −1890.7 −1643.5 −842.6	 –2623.2	
Qv	[kJ	kg–1]	 −4911	 −3461 −4111 −5494 −4952	 −4257 −5075 −3569 −4616 −5040	 –1422	
Tex	[K]	 3092	 2455 2604 3660 3366	 2794 3810 2423 3408 3358	 1735	
V0	[L	kg–1]	 846	 824 912 780 817	 841 808 884 738 815	 885	
PCJ	[kbar]	 171	 168 194 293 213	 181 205 142 258 256	 158	
VDet	[m	s–1]	 7151	 6961 7669 8304 7670	 7276 7286 6729 7835 8033	 6368	
Is	[s]	 215	 185 202 254 221	 200 253 190 237 237	 157	
Is	[s]	(5%	Al)	 230	 196 214 262 238	 212 259 200 246 249	 198	
Is	[s]	(10%	Al)	 244	 208 230 268 249	 229 263 214 253 258	 224	
Is	[s]	(15%	Al)	 245	 225 245 272 248	 243 271 233 257 265	 235	
Is	[s]	(20%	Al)	 242	 239 247 269 246	 243 266 241 251 262	 244	
Is	[s]	(25%	Al)	 239	 237 243 252 244	 239 261 237 244 255	 247	
Is	[s]	(5%	Al,	14%	binder)	 215	 187 201 229 220	 199 229 189 212 218	 250	
Is	[s]	(10%	Al,	14%	binder)	 231	 202 218 244 235	 216 240 205 229 234	 257	
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